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         How individual neurons in a nervous system give rise to complex function, behavior and 
consciousness in higher animals has been studied for over a century, yet scientist have only begun to 
understand how brains work at the molecular level. This level of study is made possible through 
technological advances, especially transgenic analysis of the cells that make up nervous systems. To 
date, no other system has been used as extensively as the nematode Caenorhabditis elegans in this 
pursuit. With just 302 neurons in the adult hermaphrodite, extensive neuronal maps at the anatomical, 
functional, and molecular level have been built over the past 30 years. One way to understand how 
nervous systems develop and differentiate into diverse cell types such as sensory or motor neurons that 
make higher level behaviors possible, is to unravel the underlying gene regulatory programs that control 
development. 
         Throughout my PhD I investigated neuron type identity regulators to understand how nervous 
system diversity is generated and maintained using several bioinformatic approaches.  First, I developed 
a software program  and community resource tool, TargetOrtho, useful for identifying novel regulatory 
targets of transcription factors such as the cell type selector proteins termed terminal selectors evidenced 
to control terminal cell identity of 74 of the 118 neuron types in C. elegans. Analysis of terminal selector 
candidate target genes led to the further discovery that predicted target genes with cis-regulatory binding 
sites are enriched for neuron type specific genes suggesting an overarching theme of direct regulation by 
terminal selectors to specify cell type. Using this knowledge, I make predictions for novel regulators of 
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CHAPTER 1:  
INTRODUCTION 
 
1.1. The importance of Caenorhabditis elegans as a model system for studying neurobiology 
Over a century ago, Ramón y Cajal and Golgi were awarded the 1906 Nobel Prize in Physiology or 
Medicine for their contributions to understanding the structure of the nervous system. Their work first 
described the complexity of cell types in the nervous system forming the foundation of modern 
neuroscience (De Carlos and Borrell 2007) (Figure 1.1). It is the communication patterns of 
interconnected neuron types that give rise to the function of animal brains from control of basal body 
processes like breathing and digestion to responses to environmental stimuli like light and sound. An 
understanding of how neurons are interconnected can help piece together how neural circuits function to 
propagate signals necessary for animal behaviors and fitness. 
 
Figure 1.1.  Cajal's diagram showing the connections between the different avian retinal neurons, 
and the course of the nerve impulse (arrows). Cajal Legacy (Instituto Cajal, Madrid). Figure taken 
from De Carlos and Borrell 2017). 
 
The complexity of vertebrate brains with over a trillion interconnected neurons has still precluded 
scientists from building a complete map or connectome of the nervous system yet as early as 1907, 
neuroanatomists attempted to build such a map from the parasitic nematode Ascaris lumbricoides. 





nervous tissue were examined using light microscopy. The resolution of the light microscope did not allow 
for visualization of individual processes of neurons (De Carlos and Borrell 2017), however. It wasn’t until 
1986 that John White and colleagues produced the first complete connectome of any animal using the 
nematode Caenorhabditis elegans (C. elegans) with electron microscopy of serial sections of the entire 
animal (White et al. 1986, Albertson et al. 1976). To this day, this remains the only complete connectome 
of any animal and this work laid a foundation for the use of C. elegans as an invaluable model system for 
studying how animal nervous systems develop and function. This work led to the description of 118 
unique neuron types, referred to in C. elegans as classes (Figure 1.2). These classes were defined by 
their morphology, synaptic patterns, and anatomical positions but more recently have been shown to 
express gene profiles that are in complete agreement with the original morphological based classification 
(Hobert et al. 2016).  
Figure 1.2 Nematode nervous system data from serial sectioned electron microscopy. Figure 
taken Cook et al. 2018 in revision and available on wormwiring.org. 
 
While C. elegans is millions of years diverged from vertebrates with more complex brains, there is 
striking conservation of many neuronally expressed proteins such as the genes required for GABA, 
acetylcholine, dopamine, and serotonin neurotransmitter synthesis so that findings are often translatable 
































































































































































































































































































































































































































































work but also how aberrations may lead to neurological disease. The amenability of transgenesis in C. 
elegans makes it an ideal model system to unravel the gene regulatory programs required to build and 
maintain a nervous system. Over the years, the C. elegans community has taken advantage of this model 
system to generate neuronal reporters for almost 1000 genes creating a highly detailed single cell 
resolution genetic map of the nervous system (Hobert et al. 2016). While this genetic map is extensive, it 
is not exhaustive and while many genetic pathways have been characterized, for the most part how gene 
regulatory programs are initiated and maintained to specify neuronal cell types remains to be discovered. 
1.2. Genetic regulatory programs in the C. elegans nervous system 
 Diversity of cell types in the C. elegans nervous system is generated by the unique combinations 
of genes expressed in each of the 118 neuron types. While a common set of genes, the pan neuronal 
genes, distinguish neurons from other cell types (Stefanakis et al. 2015), the unique combination of 
terminal differentiation genes is required to diversity the nervous system into its functional components. 
Studies done in C. elegans (Etchberger et al. 2007, Wenick & Hobert 2004, Kratsios et al. 2012, Masoudi 
et al. 2018) have repeatedly demonstrated a simple cis-regulatory logic controlling alternative neuronal 
cell type terminal fates by master regulatory transcription factors termed terminal selectors (Hobert 2008). 
These terminal selectors exert their regulation via direct binding to their cognate terminal selector motifs 
in the promoters and introns of terminal differentiation genes (Figure 1.3). While a handful of studies have 
demonstrated direct regulation of terminal gene batteries by binding of a terminal selector to its cognate 
motif (Etchberger et. al 2007, Wenick & Hobert. 2004, Kratsios et al. 2012, Masoudi et al. 2018), genetic 
evidence supports a role for terminal selector type programming in 74 out of the 118 neuron classes. In 
most of these cases only a few neuron specific genes have been tested for dependence on the terminal 
selector (Hobert 2016). A more complete picture of the extent of terminal selector regulation is required to 
elucidate a more nuanced picture of how nervous system diversity arises. 
1.3. Overview of dissertation 
 Throughout my PhD I investigated neuron type identity regulators to understand how neuron type 
diversity is generated and maintained using several bioinformatic approaches.  In the first leg of my PhD, 






regulation is. To this end, I developed a phylogenetic footprinting tool, TargetOrtho (Glenwinkel et al. 
Figure 1.3. Terminal selector regulons. (a) Schematic illustration of terminal identity features that 
are controlled by terminal selector-type transcription factors. These identity features are 
continuously expressed throughout the life of a neuron. (b) Three examples of terminal selector 
regulons. All genes shown here were shown to be direct targets of the indicated terminal selectors 







2014) to predict novel transcription factor target genes. Not only is TargetOrtho useful for the identification  
of terminal selector effector genes as demonstrated by newly discovered targets of the cholinergic motor 
neuron terminal selector UNC-3 (Glenwinkel et al. 2014), in theory, candidate targets of any transcription 
factor can be predicted (Chapter 2). This tool has proven useful to the C. elegans community with 
hundreds of users utilizing the software. Demonstrating the utility of the software, I further examined HLH-
4 motif match data from TargetOrtho providing supporting evidence that HLH-4 is a terminal selector in 
the ADL nociceptive neurons (Masoudi et al. 2018) (Chapter 3). Later on, I became interested in the 
application of supervised learning to the problem of transcription factor target gene discovery in order to 
more accurately identity novel transcription factor targets (Chapter 4). I was able to model experimentally 
defined transcription factor target gene data to predict known effector genes and, in the process, I 
decided to completely update the TargetOrtho software’s underlying code. This led to a massive 
improvement in processing time making a whole new set of bioinformatic investigations possible.   
For example, we wondered if neuron type specific gene batteries were enriched among predicted 
target gene data from terminal selectors. To this point, only a handful of neuron specific genes have been 
tested for regulation by any given terminal selector (Hobert 2016) but whether this regulation occurs via 
terminal selector motifs or whether these motifs are even present in neuron class specific gene batteries 
was an unexplored question. I examined the data and found evidence of an overarching theme in which 
neuron class gene batteries are enriched among terminal selector motif data. This work laid out a new 
paradigm that could be used to predict novel terminal selector-like regulators of neuronal identity (chapter 
6) and has the potential to drastically expand our knowledge of the genetic programs that underlie the 
diversity of neurons in the nervous system. 
Along the way, and along the theme of understanding neuronal identity genetic programs, I 
became interested in the enormous resource of neuronal genetic markers available from Wormbase.org 
and asked whether these genetic profiles were congruent with the anatomical classification of 118 neuron 
types first described in 1986. Hierarchical clustering of this genetic data allowed for visualization and 
quantification of the inter-relatedness of neuronal genetic profiles demonstrating striking congruence of 






1.4. Value of this work.  
Understanding how nervous system diversification happens genetically helps us understand how 
nervous systems function as genetic circuits are responsible for behavior.  My work 1) provides a 
community resource tool for identifying the transcription factor target genes that make up these genetic 
circuits, 2) demonstrates how terminal selectors exert their function to specify neuron types via direct 
regulation of neuron class gene batteries, and 3) predicts novel neuronal identity regulators possibly 
expanding the known repertoire of identify regulators to cover most of the 118 neuron classes. C. elegans 
in the only nervous system with an exhaustive catalogue of cell types and my work, including the 
community resource tool, TargetOrtho for predicting novel transcription factor target genes together with 
the in silico bioinformatic analysis of terminal selector motifs and prediction of novel neuronal identity 
regulators, has provided a novel way to investigate the genetic underpinnings that define these diverse 
neuronal cell types.  
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CHAPTER 2. TARGETORTHO: A PHYLOGENETIC FOOTPRINTING TOOL TO IDENTIFY 
TRANSCRIPTION FACTOR TARGETS 
 
INTRODUCTION 
2.1 The role of transcription factors in biological processes 
Transcription factors (TFs) are a diverse family of proteins that regulate gene expression via 
sequence-specific binding of DNA. TF binding to regulatory sequences or motifs result in either activation 
or repression of proximal (and sometimes distal) genes to determine the cell specific location, level and 
timing of gene expression to precisely coordinate the development of multicellular animals. Because TFs 
are essential for the regulation of gene expression, it is not surprising that they are found in all living 
organisms.  
TFs have long been known to drive cell-type specific development and differentiation but it is the 
regulatory sequences they bind that underlie the precise timing and level of expression in a cell. 
Understanding this sequence-encoded regulation is key to understanding biological processes from cell 
cycle control, body plan patterning, and cell type specification to complex responses to environmental 
stimuli. Aberrations in sequence encoded regulation may result in disease including various cancers. For 
example, the human TF c-Myc is a master regulator of cell cycle and well-known tumor suppressor. When 
c-Myc is overexpressed in cancerous cells, an increase in c-Myc target gene family expression via cis-
regulatory sequence binding of the TF results in increased cellular proliferation (Miller et al 2013).   
A given transcription factor may have anywhere from one to hundreds of target genes under its 
control yet in most cases, only a few verified target genes are known for any TF so that most biological 
processes are not fully understood at the genetic level.  
2.2 Methods of transcription factor target gene identification 
TFs are identified as such by the presence of a DNA-binding domain (DBD) which itself binds to 
specific DNA sequences determined by the amino-acid conformation of the DBD. Most DBDs allow for 
some ambiguity in their target binding sequences so that each target sequence can be described by a 
position weight matrix (PWM). Given a PWM for a TF, in theory one may search the genome for 
sequences that match the PWM and predict regulatory targets of the TF based on adjacency to the PWM 





including In vitro techniques such as CASTing (cyclic amplification and selection of targets) (Wright et al. 
1991), EMSA (electrophoretic mobility shift assay) (Hellman and Fried 2007), protein binding microarray 
(PBM) (Berget et al 2006, Weirauch et al., 2014) and multiple sequence comparisons between small sets 
of hand-picked cis-regulatory sequences, as well as in vivo techniques such as DNase-seq (Song and 
Crawford 2010) and ChIP-seq (Carey et al. 2009) or mutational analysis of transcription factor-regulated 
reporter genes, have allowed the derivation of high-information-content consensus-binding motifs for 
many transcription factors. 
While ChIP-seq allows for the genome-wide identification of transcription-factor-binding sites 
(TFBSs), in cases where the signal-to-noise ratio of TF binding is small, a certain level of nonfunctional 
TF binding is expected to occur, rendering it difficult to predict true regulatory targets with high confidence 
without utilizing additional predictive strategies.   
2.3 Introduction to TargetOrtho: a phylogenetic footprinting tool for identification of transcription 
factor targets. 
Using a set of experimentally verified binding sequences, it is possible to build a representative 
position weight matrix (PWM) and to perform a purely bioinformatic genome-wide search for TF 
consensus sites. This approach provides a cost and time-efficient alternative to in vivo experiments, and, 
with the accessibility of whole-genome sequence data, multiple species genomes are available for a 
comparative genomic analysis that utilizes conservation of binding sites between species. Strong 
purifying selection is expected to maintain binding elements in functional regions so that conservation of 
TFBS between species is predictive of function. To facilitate the identification of TF target genes in silico 
using available whole genome sequencing data from the Caenorhabditis genus including the model 
nematode species Caenorhabditis elegans (C. elegans), I developed the software package and 
community resource tool, TargetOrtho (Glenwinkel et al 2014).  This software pipeline is modeled after 
CisOrtho (Bigelow et al. 2004) which examined motif data in two nematode species, C. elegans and C. 
briggsae to predict transcription factor target genes.  
2.4 Caenorhabditis elegans as model system for transcription factor target gene identification.  
The C. elegans genome is relatively compact with just over 100 megabases compared to the 





the two is comparable each having around 20,000 protein coding genes. The difference in size between 
the human and C. elegans genomes is due to the smaller intergenic regions in the C. elegans genome. 
These small intergenic regions make predicting TF target genes by PWM match adjacency relatively 
simple given the expectation of proximal regulation as exemplified in the literature (Reinke et al 2005). 
Animals with even slightly larger genomes such as the fruit fly Drosophila melanogaster with a 180 
megabase genome tend to have more examples of distal regulation from enhancer elements making TF 
target gene prediction more difficult.  
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The identification of the regulatory targets of transcription factors is central to our understanding of how 
transcription factors fulfill their many key roles in development and homeostasis. DNA binding sites have 
been uncovered for many transcription factors through a number of experimental approaches but it has 
proven difficult to use this binding site information to reliably predict transcription factor target genes in 
genomic sequence space. Using the nematode C. elegans and other related nematode species as a 
starting point, we describe here a bioinformatic pipeline that identifies potential transcription factor target 
genes from genomic sequences. Among the key features of this pipeline is the use of sequence 
conservation of transcription factor binding sites in related species. Rather than using aligned genomic 
DNA sequences from the genomes of multiple species as a starting point, TargetOrtho scans related 
genome sequences independently for matches to user-provided transcription factor binding motifs, 
assigns motif matches to adjacent genes and then determines whether orthologous genes in different 
species also contain motif matches. We validate TargetOrtho by identifying previously characterized 
targets of a set of three different types of transcription factors in C. elegans and we use TargetOrtho to 
identify novel target genes of the COE-type transcription factor UNC-3 in C. elegans ventral nerve cord 
motor neurons. We have also implemented the use of TargetOrtho in D. melanogaster using conservation 









Transcription factors (TFs) and small RNAs represent the largest families of gene regulatory molecules in 
eukaryotes and are involved in essentially every cell biological process known to date. Identifying target 
genes for these regulatory factors is a key challenge that remains to be solved. While targets of 
regulatory RNAs can often be inferred by simple sequence complementarity, there are no clearly 
delineated rules to de novo predict DNA sequence targets by DNA binding domains of transcription 
factors. 
 
In vitro techniques such as CASTing (cyclic amplification and selection of targets) (Write et al. 1991), 
EMSA (electrophoretic mobility shift assay) (Hellman and Fried 2007), and multiple sequence 
comparisons between small sets of hand picked cis-regulatory sequences, as well as in vivo techniques 
such as DNase-seq (Song and Crawford 2010) and ChIP-seq (Carey et al. 2009)  or mutational analysis 
of transcription factor-regulated reporter genes have allowed the derivation of high information content 
consensus binding motifs for many transcription factors. While ChIP-seq allows for the genome-wide 
identification of transcription factor binding sites (TFBSs), in cases where the signal to noise ratio of TF 
binding is small, a certain level of non-functional TF binding is expected to occur rendering it difficult to 
predict true regulatory targets with high confidence without utilizing additional predictive strategies.  
 
Using a set of experimentally verified binding sequences, it is possible to build a representative position 
weight matrix (PWM) and perform a purely bioinformatic genome-wide search for TF consensus sites. 
This approach provides a cost- and time-efficient alternative to in vivo experiments and with the 
accessibility of public whole-genome sequence data, multiple species genomes are available for a 
comparative genomic analysis that utilizes conservation of binding sites between species. Strong 
purifying selection is expected to maintain binding elements in functional regions so that conservation of 
TFBS between species is predictive of function. While intergenic sequence conservation may suggest 





regions together with expression profiling data or ChIP data, especially tissue specific data, provides a 
multi-faceted approach for confident regulatory target gene prediction.  
 
Existing tools such as the MEME suite (Bailey and Elkan 1994, Bailey et al. 2009), PhyloCon (Wang 
2007), PhyME (Sinha et al. 2004), PhyloGibbs (Siddharthan et al.  2005), and EvoPrinter (Odenwald et al. 
2009) that utilize sequence conservation for motif discovery are excellent resources for identifying a 
TFBS in order to build a PWM but these programs do not provide a way to assess the novel regulatory 
targets of a given TF. TargetOrtho fills this gap by providing an alignment-free conservation assignment 
of ortholgous motifs that is independent of motif orientation and out performs pairwise alignment methods 
(Elemento and Tavazoie 2005, Gordân  et al. 2010,). This more relaxed definition of conservation 
accounts for the inherent degeneracy and orientation independence of TFBS so that variant nucleotides 
within a motif do not prevent conservation calls between species. Such strategies for target gene 
prediction have been implemented for specific TF regulatory target gene discovery (Aerts et al. 2006, 
Ward and Bussemaker 2008, Herrmann et al. 2012) but these approaches have not been applied to the 
automated prediction of TF regulatory target genes from user defined PWMs together with a target gene 
ranking system that accounts for the degree of motif match conservation, quality, and frequency for target 
gene prediction.   
 
We have previously described one framework for the application of an exhaustive in silico approach for 
the identification of transcription factor target genes using experimentally derived consensus binding sites 
together with an alignment-free assignment of conservation across multiple species genomes (Bigelow et 
al.  2004). This application, called CisOrtho, compared genome scans of two distinct nematode genomes. 
We describe here a number of significant expansions to this original pipeline. The new pipeline, 
TargetOrtho, includes (a) an expansion from the PWM search of two genomes to that of five species 
genomes (see ‘genomes’ in File SI), (b) region-specific and alignment-independent conservation 
assignments controlled by user defined positional conservation constraints between orthologous motif 
matches, (c) display of binding site frequency by gene region and cross-species motif score-based 





and (e) the ability to display predicted binding sites on standard genome browsers including the 
Wormbase and Flybase Gbrowse tools in the form of bed formatted genome browser track files where 
sites are shaded according to predicted binding site strength as derived from the binding site log-
likelihood ratio score. The new ranking scheme used by TargetOrtho can be finely tuned by the user by 
scaling the weight of a given filtering criteria. Moreover, we have expanded TargetOrtho to include an 
option to search each genome against up to five co-occurrences of TFBSs using up to five pre-
determined PWMs for the discovery of conserved, enriched cis-regulatory modules (CRMs). The CRM 
option allows the user to restrict the nucleotide distance between TFBSs in the same gene region as well 
as the order of the TFBSs by using the order from the user’s uploaded input motifs. Further filtering may 
be applied through user selected query lists that restrict the results or report specifically on a subset of 
genes such as putative target genes determined through expression profiling experiments, ChIP-
ChIP/ChIP-seq data, or gene ontology associations. Finally, TargetOrtho can now be used for target gene 










Nematode ortholog assignments based on Ensembl COMPARA (Vilella et al.  2009) which predicts 
orthology of the longest isoform based on homology as well as conserved gene order were downloaded 
using BioMart WS220 datasets (Smedley et al.  2009) .The melanogaster subgroup ortholog assignments 
were downloaded from Flybase pre-computed data files 
http://flybase.org/static_pages/downloads/bulkdata7.html, version: gene_orthologs_fb_2013_03.tsv.gz. 
Ortholog tables were formatted and uploaded to a sqlite3 database using specialized python scripts.  
 
Gene coordinates 
Exon and gene coordinates for nematode genomes were parsed from gff3 annotations files (current 
versions. C. elegans: WS220; C. briggsae:WS234; C. brenneri:WS234; C. remanei: WS234; C. japonica: 
WS234) downloaded from wormbase’s FTP site ((ftp://ftp.wormbase.org/pub/wormbase/). Exon and gene 
coordinates for fly genomes were parsed from exon sequence files (fasta) downloaded from Flybase pre-
computed data files http://flybase.org/static_pages/downloads/bulkdata7.html. Current genome versions 
include: D. melanogaster: r-5.1; D. yakuba: r-1.3; D. erecta:r-1.4; D. simulans:r-1.4; D.sechelia:r-1.3.  
 
Source code  
TargetOrtho employs the FIMO (Grant et al.  2011) tool from the MEME suite (Bailey et al. 2009) for 
genome-wide motif scanning. Motif matches are associated with genes using an ansi C++ script written 
by Henry Bigelow. All other TargetOrtho scripts were written in python (or XML for the Galaxy interface 
scripts) by L.G. 
 
Data analysis 
Outcomes of comparison tests were determined using the Mann–Whitney–Wilcoxon (MWW) two-sample 





corresponding q-value was <.05 (p|q<.05) representative of the minimum false discovery rate (FDR) that 
is incurred when calling that test significant. q-values for multiple testing corrections were calculated as in 
(Storey and Tibshirani 2003) using a specialized python script.  
 
For each test, motif matches in the set of previously validated transcription factor target genes were 
compared to a set of 1000 random coding genes for each ranking criteria in each gene region. Six unique 
gene regions were analyzed (upstream, intron, exon, downstream, best site of any region, and upstream 
plus intron) for each of 8 ranking criteria (C. elegans site score, C. elegans averaged region score, C. 
elegans site frequency, averaged species site score, averaged species region score, averaged species 
site frequency, site conservation, site offset variance measured as the coefficient of variation) (Figure 6 A-
C and A’-C’, and corresponding parts in Figures S3-S7), plus 4 total gene-ranking criteria (C. elegans 
averaged gene score, C. elegans total site frequency per gene, averaged species averaged gene score, 
averaged species site frequency per gene) (Figure 6 D,E,D’,E’ and corresponding parts in Figures S3-
S7), and the cumulative site score derived from all criteria per region (Figure 6 H,I,H’,I’,J’,L and 
corresponding parts in Figures S3-S7),  were analyzed (see Figure S2 for an overview of the results of all 
tests in all regions).  
 
For each ranking criteria in each gene region, the best motif match value was considered between 
comparison groups when several values were present. For example, the best upstream motif match log-
likelihood score per gene region was compared between transcription factor dependent genes and 1000 
random coding genes. Additionally, cumulative site scores derived from upstream and intronic data were 
compared in previously validated target genes and random genes (Figure 6 H, I, H’, I’, J’, K and 
corresponding parts in Figures S3-S7) 
 
Wilcoxon rank sums test were used to compare ventral nerve cord neuron counts in wild type or unc-
3(e151) worms (Table S1).  
 





Gene ontology enrichment analysis was done using the web-based GOrilla tool (Eden et al.  2007, Eden 
et al.  2009) using the single list of ranked genes option with a P value threshold of 10e-3 , and ‘Run Gorilla 
in fast mode’ unchecked (slower mode). See S9 for full GO term analysis results.  Genes in each ontology 
category were binned according to best TargetOrtho site rank per gene and plotted showing the number 
of genes in each TargetOrtho ranking bin for selected ontology terms using a specialized python script 
and the matplotlib plotting library (Figures S8).   
 
Reporter constructs: 
GFP fusions were generated as in (Hobert 2002). The VL6 and BC14284 strains were provided by the 
CGC, which is funded by NIH Office of Research Infrastructure Programs (P40 OD010440). See Table S1 
and Figure 8 for strain details. 
   
Availability 
The TargetOrtho package is available as a command line tool or for installation as a Galaxy tool (Goecks 
et al.  2010) from the Galaxy test tool shed at http://testtoolshed.g2.bx.psu.edu/. The Galaxy option offers 
an accessible way to use TargetOrtho on any platform via Galaxy’s web hosting option 
(http://wiki.galaxyproject.org/Admin/Get%20Galaxy). The TargetOrtho package is implemented through 
the command line using x64x86 GNU Linux, or via the Galaxy interface as a Galaxy tool and is available 
for public use at http://ec2-23-20-137-161.compute-1.amazonaws.com. See 








In order to expand the known repertoire of TF target genes for a better understanding of diverse biological 
processes, we have engineered a bioinformatic pipeline allowing for robust target gene prediction. We will 
first describe the program architecture for the discovery of novel TF target genes as well as target genes 
regulated by cis-regulatory modules (CRMs) whereby multiple TFBSs work in concert.  In the following 
sections we then examine individual criteria for ranking TFBSs across entire genomes and show that for 
three motifs with extensive in vivo validated target genes, these criteria are robust predictors of real target 
genes. Because the regulatory logic of in vivo TF binding is not well understood, we implement user-
defined adjustments for each of the ranking criteria chosen. We show that the strategy of combining 
binding site data from multiple species genomes is justified as it drastically improves target gene 
prediction. Finally, we show that our pipeline further improves target gene prediction by combining the 
averaged species ranking data into one final cumulative site score for each predicted binding site in the 
genome.  
 
Features of TargetOrtho 
 
General overview of the pipeline. TargetOrtho provides a comparative genomic approach for the 
identification of transcription factor target genes for which a collection of binding sites, represented as 
position weight matrix (PWM), has been experimentally identified. The pipeline is executed in four steps 
(or five if multiple input PWMs are used). Briefly, genomes of five species are searched for motif matches 
against a PWM in MEME plain text format (see MEME documentation at 
http://meme.nbcr.net/meme/doc/meme-format.html) derived from experimentally validated binding sites 
using the FIMO (Grant et al.  2011) motif scanner. Sites from each species are then associated with the 
nearest exon in the upstream and downstream direction and matched to orthologous regions in the 
reference genome (currently C. elegans or D. melanogaster). Finally filtering and ranking criteria are 





target genes. TargetOrtho output consists of browsable HTML tables, tab delimited text files and bed 
formatted genome browser track files along with a compressed folder containing all results for download 
(Figure 1, Table S2). The execution of TargetOrtho is facilitated by Galaxy (Goecks et al.  2010), a 
general bioinformatics workflow management system in which results are automatically browsable and 
available for download and sharing from any platform (Figure 2). TargetOrtho can also be installed locally 
and executed via the command line as a standalone program or added as a tool to a locally hosted 
Galaxy instance (see http://galaxyproject.org).  See File SI for a detailed program overview. 
 
Adjustable program features. TargetOrtho includes several adjustable features (Figure 3 and Table 
S3): (1) two reference genomes are available for target gene discovery. The C. elegans option includes 
searches across five species of the Caenorhabditis genus, while a D. melanogaster option includes 
genome-wide comparative searches across five melanogaster subgroup species. A reference genome is 
defined as the genome from which candidate TF target genes are reported (see genomes section); (2) 
the distance between distinct motif matches (Figure 3C) and linear motif order for CRM searches (see 
CRM searches below); (3) the offset variance (Figure 3F) of orthologous motif matches to constrain the 
positional conservation of a motif match (see orthology matching below); (4) the upstream (Figure 3D) 
and downstream (Figure 3E) motif match distance from the first or last adjacent annotated exon; (5) the 
number of intervening genes between a motif match and an associated gene may be constrained as well 
as the intervening distance from the associated gene allowed if annotated genes are positioned between 
a motif match and its associated gene; (6) the cumulative site score is constrained by scaling options to 
weight each site ranking criteria (Figure 4 C, Table S3). For example if the motif frequency among 
orthologous gene regions is important, the user may up-weight this factor to inflate the effect of the motif 
frequency on the cumulative site score. See Table S3 for a description of all adjustable features.  
 
CRM searches for multiple motifs. TargetOrtho includes an option to search each genome against up 
to five co-occurrences of transcription factor binding sites using up to five pre-determined PWMs for the 
discovery of conserved, enriched cis-regulatory modules (CRMs). In addition to the filtering applied to 





between TFBSs in the same gene region as well as the order of the TFBS by using the order from the 
user’s uploaded motifs (Figure 3C, Table S3).  
 
Binding site ranking criteria for prediction of regulatory target genes. After conservation assignment 
additional criteria are assessed for each site in each genome for eventual cumulative score calculations 
and final site ranking. Generally, the cumulative site score used for site ranking is determined for each 
site in a reference genome (C. elegans or D. melanogaster) according to its binding strength as 
represented by the log-likelihood ratio score and binding site frequency associated with the target gene. 
Each site score and site counts are averaged across species for use in the cumulative site score 
calculation. Specifically, each site is ranked by the averaged-species-site-score (Figure 4A), the 
averaged-species-region-score (Figure 4A), the averaged-species-gene-score (Figure 4A), the site 
conservation (Figure 4A), the offset variance (Figure 4B), the averaged-species-region-site-count (Figure 
4B), and the averaged-species-gene-site-count (Figure 4B). Each site in the reference genome is ranked 
individually using these ranking criteria. 
 
For example, as shown in Figure 4, consider the site Y with log-likelihood site score 7.2 found -500 
nucleotides upstream of a gene and conserved in five species. The averaged-species-site score of 7.2 is 
determined by grouping site Y with one orthologous site in each genome, then averaging the site scores 
across species where site grouping is determined using the minimum positional offset variance (.07) from 
the first exon of gene X. The offset variance is also used for site ranking.  The averaged-species-region-
score of 7.37 is determined by first averaging the site score across the upstream region of gene X as well 
as the orthologous upstream regions in each species, then averaging this value across species, where 
the upstream distance is constrained by the user.  The averaged-species-gene-score (6.54), is 
determined by averaging the site score across all gene regions, in this case upstream, intron, exon, and 
downstream regions, for each orthologous gene then averaging this value across species. An analogous 
strategy is applied for the site frequency; in this case the averaged-species-upstream site count (1.4) and 
averaged-species-gene-site-count (2.6) of gene X.  Finally these criteria are used to generate a final 






Adjustable Cumulative Site Score. Finally, these individual ranking criteria are combined into a single 
cumulative site score for each site in the reference genome providing a list of target gene candidates. The 
cumulative site score is generated as:  
𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒	𝑠𝑖𝑡𝑒	𝑠𝑐𝑜𝑟𝑒 = 0 (23453)(73853)9::;3<3=> ?   
where ci  is the raw ranking criteria value out n total ranking criteria, ai is the maximum value from all ci in 
a given TargetOrtho search, bi is the minimum value from all ci in a given TargetOrtho search,  𝜔A is an 
optional scaling factor applied to each ranking criteria (default 𝜔A =1), and j is the number of ranking 
criteria where 𝜔A>0. Sites that are only found in the reference genome, hence, unconserved, are assigned 
a cumulative site score of zero so that they are automatically ranked last but are still displayed in the 
TargetOrtho results.  
In detail,  each motif match is ranked by first determining the average species site counts and averaged 
species site scores across the associated gene, then each site in the reference genome is ranked by 
normalizing each ranking criteria value between 0 and 100, then averaging the normalized values for 
each site to obtain the final cumulative site score for sites that are present in at least 2 orthologous 
genome regions. Each normalized criteria score may be weighted to affect the cumulative site score 
according to user preferences (option -A, -B, -C, -D, -E, -F, -G for average species site score, average 
species region score, average species gene score, average species gene site count, conservation, and 
offset variance respectively where options A-G may be any real number) (Figure 4C TargetOrtho ranking 
criteria, Figure 6). This may be of interest when prior information is available as to the nature of each 
ranking criteria in experimentally validated TF target genes. The default strategy of evenly weighting each 
ranking criteria in the computation of the cumulative site score results in significantly better cumulative 
site scores in validated target genes compared to random genes in our analysis of three well 
characterized C. elegans TFBSs (Figure 6L., Figures S3-S7).  
 
Program output. TargetOrtho results include a top-ranked-per-gene table for showing the best ranked 
site per associated gene as well as an All-conserved-hits-ranked table showing all ranked sites where all 





to the cumulative site score where the best cumulative site score is assigned a rank of 1.  Additionally, 
results tables with all hit-gene associations are included for each species and each motif as well as 




Validation of TargetOrtho using experimentally identified target genes 
 
Strategy. Using three well-characterized TFBSs from C. elegans and in vivo validation of TargetOrtho 
predicted target genes, we find that the inter-species motif match score (log-likelihood ratio score), motif 
conservation, and frequency of TF binding sites (TFBSs) among orthologous gene regions are successful 
predictors of TF regulatory target genes. The three TFBSs used for validation of TargetOrtho include the 
UNC-3 binding site (called COE motif) -bound by the terminal selector UNC-3 for cholinergic motor 
neuron fate in the ventral nerve cord (Kratsios et al. 2011), the TTX-3/CEH-10 heterodimer binding site 
(AIY motif) -the terminal selector motif for the AIY interneuron (Wenick et al. 2004), and the CHE-1 
binding site (ASE motif) -required for terminal specification of the chemosensory ASE gustatory 
neurons(Etchberger et al. 2007). Several dozen experimentally validated targets genes that contain 
binding sites for the respective transcription factors have previously been identified. TargetOrtho ranking 
criteria were compared between TF-dependent genes and 1000 random coding genes for each motif. For 
a detailed explanation of the datasets and motif construction as well as dataset verification bias 
corrections, see File SI. 
 
Cumulative site scores in upstream and intronic regions better predict regulatory targets of TFs 
than sites in other gene regions. To assess the predictive value of different gene regions, cumulative 
site scores derived from data from either upstream, upstream+intron, exon, downstream, or the best 
cumulative site score from any gene region, were compared in TF-dependent genes and random coding 
genes. We find that TF-dependent gene motif matches perform best when upstream and intronic regions 





derived from upstream or upstream+intronic regions resulted in greater differences between TF-
dependent genes and random coding genes compared to cumulative site scores derived from other gene 
regions (Figure S2).  
 
Individual ranking criteria as well as cumulative site scores derived from averaged species data 
better predict verified TF target genes compared to ranking criteria from a single genome.  To 
assess the predictive value of individual binding site ranking criteria derived from multiple species as 
opposed to using a single genome for target gene prediction, we compared individual ranking criteria 
derived from C. elegans data alone or data derived from multiple species. We find that individual criteria 
averaged across species each show greater discrimination between TF-dependent gene sites and 
random gene sites. Comparison tests for individual TargetOrtho site ranking criteria (Figure 6 and Figures 
S3-S7) suggest that averaging multiple species data (Figure 6A’-G’) results in more significant differences 
between criteria in TF-dependent genes and random coding genes compared to ranking criteria data from 
the reference genome alone (Figure 6A-E,K). Also see S3-S8 and corresponding Figures S3-S7.   
 
To assess the predictive value of cumulative site scores derived from averaged species data compared to 
scores derived from a single species, we compared cumulative site scores in TF-dependent genes to 
scores in random genes for both cases. Generating the cumulative site score from combined averaged 
species data (Figure 6H’-J’ and Figures S3-S7), increases the significance of the difference between TF 
target gene sites and random gene sites compared to building cumulative site scores from the upstream 
site information in the reference genome alone (Figure 6H,I,L). Also see corresponding. Figures S3-S7.  
 
Gene ontology enrichments include relevant TF target genes for further investigation.  To 
demonstrate the utility of TargetOrtho predictions in finding biologically relevant target genes, gene 
ontology enrichments among top ranked target genes were assessed.  Gene ontology analysis was 
performed on TargetOrtho’s top ranked sites per gene for whole genome runs with the UNC-3 motif, AIY 
motif, and ASE motif using the GOrilla tool (Eden et al.  2007, Eden et al.  2009). The resulting ontologies 





three terminal selector genes providing ample candidates for further in vivo experimentation (Figure S8, 
Table S12).  
 
Validation of TargetOrtho through identification of novel UNC-3 target genes  
 
For in vivo validation of TargetOrtho, 13 highly ranked potential UNC-3 target genes (Figure 7, Table S4-
gene list 7) were further investigated. Eight of these genes are completely uncharacterized while five 
have published expression patterns in the ventral nerve cord (VNC) where UNC-3 exerts its regulation as 
a terminal selector of cholinergic motor neurons. To examine whether these reporters are expressed in 
unc-3 expressing cells and are regulated by unc-3, we generated GFP promoter fusions for the eight 
candidate target genes with no reported anatomical expression patterns (Figure 8). Transgenic lines 
expressing each of these reporters indeed show expression in VNC MNs, where UNC-3 is known to be 
expressed. Six of these reporter transgene (C09G1.4, F08D12.1, F32B5.2, F47D12.3, C04E6.13, 
F57B7.2) were crossed into the unc-3(e151) mutant background and each one of them showed 
significant loss (p<.001) of ventral nerve cord neuron expression in the unc-3(151) mutant suggesting 
UNC-3 dependence (Figure 9A-F, Table S1). We also crossed two (hlh-32, F53E4.1) of the five 
transgenes with previously described VNC MN expression into an unc-3 mutant background and also 
found significant loss (p<.001) of VNC MN expression, again suggesting UNC-3 dependence (Figure 
9G,H, Table S1). While these results confirm UNC-3 dependence, they do not distinguish direct UNC-3 
regulation via binding to UNC-3 sites in each promoter from indirect regulation by downstream UNC-3 
effectors. Deletion analysis of candidate UNC-3 binding sties in UNC-3 dependent genes is necessary to 
confirm direct UNC-3 regulation of the candidate target genes.  
 
Utility of TargetOrtho in other species.  
 
The utility of TargetOrtho for identification of TF target genes is useful beyond C. elegans. To expand the 
functionality of TargetOrtho we have implemented the pipeline for the melanogaster subgroup species 





among closely related species to identify biologically functional elements. The relatively close 
phylogenetic distance between species in the melanogaster subgroup makes it amenable to 
conservation-based prediction of sequence function and suitable for target gene prediction with 
TargetOrtho. 
 
The ASE motif used for TargetOrtho analysis in C. elegans is conserved in D. melanogaster and is bound 
by the Drosophila GLASS TF (Moses et al. 1989), the ortholog of CHE-1 in C. elegans. Two previously 
characterized GLASS binding sites in Lz and Rh1 are highly ranked by TargetOrtho using the 
melanogaster species subgroup to comprise the five species genomes. Other CHE-1 target genes with 
ASE regulatory motifs are also conserved in D. melanogaster and are highly ranked by TargetOrtho (data 
not shown). The UNC-3 motif is also conserved in D. melanogaster and preliminary analysis suggests 
that the unc-17 ortholog, a validated UNC-3 target gene in C. elegans, is highly ranked by TargetOrtho in 
D. melanogaster. This trend is apparent in other UNC-3 target orthologs in Drosophila as well (data not 











We have demonstrated the predictive power of TargetOrtho using two approaches: bioinformatic 
validation of previously characterized TF-dependent genes compared to randomized coding genes and in 
vivo validation of novel TargetOrtho predicted target genes. The bioinformatic validation supports a multi-
species approach to candidate target gene prediction with averaged species derived TargetOrtho 
rankings showing the most discrimination between validated target genes and randomized genes. Similar 
trends were observed for PWM scans done on subsets of previously validated target genes not used to 
construct the PWM itself showing a conservative estimate of TargetOrtho’s predictive power. The latter 
approach suggests that whole genome PWM scans utilized the multi-species ranking criteria results in 
novel target gene predictions that are strong with 6/6 scored reporter constructs showing expression in 
TF-expressing cells in which the expression displays TF dependence. 
 
TargetOrtho provides an effective in silico approach for the identification of novel TF target genes. It 
offers a complementary approach to existing software that mainly focuses on de novo motif discovery, by 
instead beginning with an experimentally validated motif and searching for conserved regulatory target 
genes. In this respect, TargetOrtho allows one to greatly expand the repertoire of TF target genes for a 
more complete understanding of the extensive regulatory networks controlled by TFs key to most 
developmental processes. TargetOrtho employs an alignment-independent method of conservation 
assignment necessary to accommodate the characteristic sequence degeneracy in TFBSs as well as 
motif repositioning within promoters due to sequence indels introduced over evolutionary time. The ability 
to overlay TargetOrtho ranked results with other experimental data such as expression profiling, ChIP, or 
gene ontology data, allows for additional layers of filtering in order to narrow down the very best 
candidate target genes for further experimentation. In this respect, TargetOrtho serves as a powerful 
supplement to existing data.  
 





target genes, make C. elegans particularly suited for TargetOrtho-based analysis of TF targets. However, 
increases in genome size and the sometimes very distal location of cis-regulatory control elements, 
complicates target gene assignment in more complex metazoan species so that the utility of TargetOrtho 
may be limited.  Another caveat of TargetOrtho use is that while it has proved to work well for the three 
test cases presented here, its predictive power is expected to diminish with low information content 
motifs. A motif that occurs frequently in a given genome is likely to be conserved in orthologous genomes 
by chance alone thus increasing the likelihood of false positive target gene predictions. In cases where 
PWM information content is high, but the motif length is low (4-7 nucleotides), the same problem is 
expected.  
 
Alternatively, true TF target genes may be lowly ranked if appropriate ortholog assignments have not 
been made. In these cases, TargetOrtho will underestimate the cumulative site score due to lack of non-
reference genome species information. Often target genes with non-conserved sites may also be highly 
ranked due to strong reference genome results (such as motif count by region and gene, log-likelihood 
score for site, region, and gene). A second reference genome target gene may have identical rankings, 
but by averaging the ranking criteria across species, there is potential to lower the overall score even 
though clearly having even poor scoring sites in additional species is better than having no additional 
sites in additional species. Assuming that conservation increases the likelihood of biological functionality, 
one may choose to weight the conservation score (1 to 5) so that despite underperforming averaged 
species data, the overall extent of conservation is considered. For our analysis of three well-characterized 
TFs, known TF target genes outperformed randomized coding genes despite this flaw. Additionally 
weighting schemas may be explored for a given TargetOrtho run by adjusting the rank scaling parameters 
at runtime. TargetOrtho results are also available as tab-delimited text so that the user may re-sort the 
data as appropriate.  
 
In conclusion, TargetOrtho provides a cost- and time-efficient in silico approach for the identification of 
novel TF target genes and together with its CRM search function, is uniquely poised to elucidate complex 





provides a first pass exploration of regulatory networks with the potential to unravel the regulatory logic of 
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Figure 1.   Overview of TargetOrtho pipeline. Beginning with one to five input position weight matrices 
(PWM)j=1 to 5 in meme plain text format and an optional query list with genes of interest, five species 
genomes (top orange box) are scanned with the motif scanner FIMO resulting in one motif match hit table 
per genome i (i=1 to 5). Each site is then associated with an exon, followed by ortholog pairing between 
the reference species and each species associated site. Orthologous sites are then ranked according to 

























if j > 1







motif match for each PWM are filtered to a cis-regulatory module table. All results are output as tab 









Figure 2.    Galaxy screenshots. A. TargetOrtho user interface hosted by Galaxy. The TargetOrtho tool 
is shown in the Galaxy tool panel (left). Two TargetOrtho input files are shown in the History panel (right). 
1. A motif file in Meme version 4 format as well as 2. a user defined list of genes in plain text format. 
These files are uploaded using the ‘get data’ tool built into the Galaxy platform. Adjustable TargetOrtho 
parameters are shown (middle panel). B. TargetOrtho Results screenshot. Upon job completion, two 
TargetOrtho output files appear in the History panel (right): TargetOrtho browse results (html/text) is 
selected and shown in the center panel. The top ranked site per gene table (html version) is displayed 















single click local download of all results as a compressed directory. C. TargetOrtho Summary statistics 
plots are included in the results directory as html files and may be viewed from the Galaxy interface or 
locally from the downloaded results files. Top left: site distribution by conservation. Blue shows all unique 
motif matches, yellow shows the number of candidate target genes. Top middle: species representation 
among all motif matches. Top right: site count by gene region. Bottom left: target gene frequency by gene 
region. Bottom middle: log-likelihood motif score distribution by species. Bottom right: site positional 







Figure 3.   TargetOrtho input parameters. Right panel: TargetOrtho user interface hosted on the Galaxy 
platform. Select TargetOrtho input parameters are shown. Left panel: graphical representation of select 
input parameters from right panel. The tool interface on Galaxy shows all default values and may be 
changed by the user.  Default values may also be viewed from the command line tool by using the 
command ‘python TargetOrtho.py –h’ . Each input parameter should be adjusted for the individual input 
motif/s by the user.  See Table S3 for a description of all adjustable input parameters and default values. 
A. Example TargetOrtho input motifs for target gene discovery of genes with co-occurrences of motif A 
and motif B. TargetOrtho takes this input as a Meme version 4 input motif file 
(http://meme.nbcr.net/meme/doc/meme-format.html) with up to five input motifs. B. Example gene query 
list input file in plain text format showing a subset of user defined genes for TargetOrtho to specifically 
report on. Gene names must be in gene public name format (unc-3, ttx-3) when available, otherwise 
transcript names  (C09G1.4, F08D12.1) may be used for C. elegans. Flybase gene IDs in the form FBgn 
must be used for D. melanogaster gene names. These may include suspected transcription factor target 
genes of interest or serve as a negative control list of genes that are expected to be transcription factor 
independent. An option to only report data for these genes is available (right panel ‘only report query list 
results) otherwise whole genome results are reported with additional reporting on the query list gene 
results. C. The maximum distance between motifs (for more than one motif query only). This option 
constrains the allowed distance between any two motifs from the motif input file. If five motifs are used as 
input, this distance limits the distance between any two adjacent motifs where the adjacent motifs are 
from separate entries in the motif input file. This does not preclude the user from specifying a search for 
identical motifs in the input file. For example, one may choose to search for target genes having at least 
two occurrences of motif A in the upstream region. To accomplish this, the user would include motif A two 
times in the input file. The order of motifs in a given gene region may also be constrained by selecting 
‘ordered’ or ‘unordered’ for the ‘Order of motifs’ parameter. If ordered is chosen, co-occurrences of motifs 
must be positioned in the order given in the motif input file. For example if motif A, motif B and motif C are 
included in the input file with the ordered option, all target gene candidates must have these three motifs 
in the order [motif A, motif B, motif C] or [motif C, motif B, motif A] among all orthologous gene regions for 
a candidate target gene to be included in TargetOrtho output. D. The maximum upstream distance that a 
motif may be positioned for target gene association. E. The maximum downstream distance that a motif 
may be positioned for target gene association. In addition to the maximum upstream and downstream 
distance, the number of intervening genes allowed between any motif match and associated gene as well 
as the cutoff distance from the first ATG allowed if any intervening genes are positioned between a motif 
match and the associated gene, may be specified by the user (right panel). F. The maximum offset 


































Background letter frequencies (from uniform background):
A 0.32500 C 0.17500 G 0.17500 T 0.32500
MOTIF unc-3_Dep6
log-odds matrix: 
-1097 100 -1097 100
-1097 244 -1097 -270
-1097 165 -1097 47
-170 219 -1097 -170
-70 100 -22 -12
-111 -181 100 47
-1097 -181 244 -1097
-70 -1097 178 -70
-1097 -1097 251 -1097
130 -1097 19 -1097
MOTIF DBE
log-odds matrix:
6       10      251     -2827
-114    -2738   -240    162
162     180     56      -89
162     -216    -2738   -2827
162     -2738   99      -2827
-2827   251     -205    -147







The offset variance is calculated by taking the absolute value of the coefficient  of variation of each motif 
match offset (shown in figure as the distance from the first annotated exon of the associated gene) in 
each species. See orthology matching section for detailed explanation. See Table S3 for explanations of 







Figure 4.   TargetOrtho ranking criteria. Each orthologous gene region per species is divided into 
upstream, intragenic (intron (green line), exon (green box), and downstream regions. A. log-likelihood 
score ranking criteria. Individual predicted binding sites (yellow bubbles) are overlaid with the site score. 
Site score (black numerals): the log-likelihood ratio score of an individual motif match. Average 
species site score (orange numerals): The averaged site score across orthologous regions between 
species where each reference species site is matched to the positionally best-matched orthologous-
















region score (upstream) 














1.4    2.6 C. brenneri1    1
C. japonica  1   1
C. briggsae 3   2
   2 C. elegans 5


































TargetOrtho ranking criteria per site raw score (ci) normalized score average normalized score
   (cumulative site score*)
site rank
site conservation** 5 100.00 (a)
averaged species site score 7.2 94.23 (b)
averaged species region score 10.7 97.22 (c)
averaged species region site count 1.4 13.33 (d) 73.84    45th of 29829
averaged species average gene score 6.54 98.85 (e)
averaged species gene site count 2.6 40.00 (f)
0.07 96.62 (g)
(scale factor ) default =1 or any user specified real number
n
i=1*cumulative site score = [∑      (ci-bi)/(ai-bi)100ωi] /j
i=individual ranking criteria
ci=raw value of ranking criteria i. 
ai =maximum  ci    
bi =minimum  ci 
ωi=weight for ranking criteria  i (scale factor shown in red)
j=number of criteria with weight (ωi)>0






species region motif match. Best matches are determined by grouping sites across species and filtering 
for the best offset (site position relative to exon 1 for upstream sites or the last exon for downstream 
sites). See offset variance. Region score (blue numeral): the average site score within each species 
across a given region. Average species region score (purple numeral): The region score averaged 
across species for a given region. Gene site score (blue numeral): The averaged site score across all 
regions searched for each species. Average species gene site score (purple numeral): The gene site 
score averaged across species. Conservation (orange): Alignment-independent site conservation is 
determined by the number of species with at least one predicted binding site in an orthologous region to 
the reference species motif match. B. Motif match frequency and position ranking criteria. Individual 
predicted binding sites (yellow) are overlaid with the site offset. Offset (black numberal): the site position 
relative to exon 1 for upstream sites or the last exon for downstream sites. Offset variance (orange 
numeral): The absolute value of the coeffienct of variation of the offsets for each matched orthologous 
motif match between species. Smaller values indicate increased positional constraint compared to motif 
matches that are differentially positioned between species. Site count (blue): The number of predicted 
binding sites in a given region per species. Averaged species region site count (purple): The site 
count averaged across orthologous species regions where the region shown is upstream. Gene site 
count (blue): The total site count across all regions of a gene including upstream, intragenic, and 
downstream (when included) for each species. Average species gene site count (purple): The gene 
site count averaged across all orthologous regions of an associated gene between species. C. Ranking 
criteria and cumulative site score per predicted binding site. Column 1 -TargetOrtho ranking criteria 
per site: indicates the ranking criteria used to calculate the final cumulative score for each predicted 
binding site (yellow) in the reference genome. Column 2 -raw score: raw values for each ranking criteria 
described in A and B. Column 3-normalized score: Each raw value from column 2 is normalized between 
0 and 100 using the minimum and maximum value unique to each motif across the genomes. Column 4 -
average normalized score: The final cumulative score assigned to each predicted binding site in the 
reference genome is calculated by averaging the normalized scores in column 3. Column 5-Site rank: The 
rank order of each predicted binding site taken by ordering each predicted site in the reference genome 







Figure 5.   TargetOrtho output example. A. TargetOrtho top ranked site per gene table in HTML format. 
This table is a subset of the ‘All-conserved-hits-ranked’ table showing only the best ranked site in each 
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table row shows motif match data for one motif match in the reference genome (C. elegans or D. 
melanogaster) with an option to expand the row to show data for other species data. Each top ranked site 
shown in the table also includes information about overall site count for the corresponding region and 
total site count across the entire putative target gene. Additionally, average site scores per region and per 
gene are shown for each table entry. To see all sites in a gene, consult the All conserved hits ranked 








i Averaged species Ranking Criteria   
A’ target gene region** site score
B‘ target gene region**  score  
C’ target gene region**  site count  
D‘ target gene total score  
E’ target gene total site count 
F’ target gene region** conservation 
G’ target gene offset variance
i Averaged species Ranking Criteria  H’ I’ J’   
A‘ target gene region** site score   1 1 1
B’ target gene region**  score   1 1 1 
C‘ target gene region**  site count   1 1 1 
D’ target gene total score    0 1 1  
E‘ target gene total site count   0 1 1
F’ target gene region** conservation  0 0 1
G’ target gene offset variance   0 0 1
**region=upstream and intron
Values in the grey area are weights, ω, applied to ranking criteria A’-G’ 






MWU comparison test results for individual ranking criteria in  UNC-3 known target genes vs random 
coding genes (UNC-3 motif)
MWU comparison test results cumulative site scores in  UNC-3 known target genes vs random coding 
genes (UNC-3 motif)
i C. elegans Ranking Criteria   H I  
A target gene region** site score   1 1 
B target gene region**  score   1 1  
C target gene region**  site count   1 1  
D target gene total score    0 1  




















UNC-3 known target gene motif match data Vs. random coding gene motif match data (UNC-3 motif) from upstream and intronic regions
CDF plots A-I:  C. elegans data CDF plots A’-J’: Averaged species data
n
i=1*cumulative site score =  [∑      (ci-bi)/(ai-bi)100ωi] /j
  
i=ranking criteria (C. elegans criteria 1-n = A-E, Averaged species ranking criteria 1-n=A’-G’)
ci=raw value of ranking criteria i. 
ai =maximum  ci    
bi =minimum  ci 
ωi=weight for ranking criteria  i (shown in grey boxes)
j=number of criteria with weight (ωi)>0 
i C. elegans Ranking Criteria     
A target gene region** site score  
B target gene region**  score     
C target gene region**  site count    
D target gene total score     
E target gene total site count
**region=upstream and intron
 UNC-3 known target genes
 1000 random coding genes
 random coding gene median
 UNC-3 known target gene median
 C. elegans data
 Averaged Species data
 Default method (J’) Jsed by TargetOrtho for generation of cumulative site scores
Values in the grey area are weights, ω, applied to ranking criteria A-E 
















H (dervied from criteria A-C)
H’ (dervied from criteria A’-C’)
I(dervied from criteria A-E)
I’ (dervied from criteria A’-E’)
J’ (dervied from criteria A’-G’)
Representative p values (-log10(p)) for data shown in CDF plots A-I and A’-G’  from 








Figure 6.   UNC-3 motif analysis. unc-3 dependent target gene data (blue) compared to random 
coding gene data (grey). The set of previously characterized unc-3 dependent genes and 1000 random 
coding genes were submitted to TargetOrtho using the UNC-3 motif as input (Figure S1A). Data 
distributions for each TargetOrtho ranking criteria were compared between known target genes and 
random coding genes. 
CDF plots of individual ranking criteria (plots A-E and plots A’-G’): CDF plots are shown for 
individual ranking criteria A-E and A’-G’. TargetOrtho ranking criteria derived from averaged species data 
(A’-G’) better distinguish previously validated TF target genes from random genes compared to using C. 
elegans (reference genome) data alone (A-E). CDF plots A-E show ranking criteria derived from C. 
elegans genome data only while CDF plots A’-E’ show the corresponding ranking criteria derived from 
averaged species data. CDF plot F’ and G’ show averaged species data having no reference genome 
counterpart including the conservation and offset variance data distributions.  
CDF plots of cumulative site scores (plots H, I and plots H’, I’, J’): Data distributions for cumulative 
site scores derived from unique combinations of TargetOrtho ranking criteria are shown in CDF plots 
H,I,H’,I’,J’. CDF plot H shows the cumulative site score distributions derived from C. elegans upstream 
and intronic data only calculated from A-C. The left panel, plots A’-C’ shows the cumulative site score 
CDF plots calculated from the corresponding averaged species upstream and intronic data. CDF plot I 
shows cumulative site scores derived from criteria shown in CDF plots A-E where CDF plots D and E 
represent total gene ranking criteria in C. elegans only (D. C. elegans averaged upstream and intronic 
site scores and E. C. elegans averaged site score across all gene regions). CDF plot I’ (left panel) shows 
the data distribution of cumulative site scores derived from A’-E’ where CDF plots D’ and E’ represent 
the corresponding total gene ranking criteria averaged across species. CDF plot J’ shows cumulative site 
scores derived from all averaged species ranking criteria (A’-G’).   
K. -log10(P value) for each ranking criteria comparison test where transcription factor dependent genes 
were compared to 1000 random coding genes. Compare C. elegans data A-E to average species data A’-
E’ plus F’ and G’.  
L. –log10(P values) for each comparison test where cumulative sites scores in transcription factor 
dependent genes are compared to scores in random coding genes. Compare C. elegans derived 








Figure 7.    Cumulative site scores of novel unc-3 target genes. CDF plot of best upstream or intronic 
cumulative site score per gene in novel unc-3 predicted target genes (blue) compared to the whole 
genome distribution of upstream cumulative site scores (grey). The range of newly validated UNC-3 target 
gene cumulative site scores (orange) overlaps previously characterized unc-3 target genes (blue). Sites 
for experimental validation were chosen before the final cumulative site score ranking scheme was 
finalized so that many putative target gene scores from the whole genome sampling are higher than the 
validation set.  While these results suggest that picking novel target genes that rank similarly to previously 
whole genome
UNC-3 dependent genes
novel UNC-3 target genes
whole genome median
UNC-3 dependent gene median
novel UNC-3 target gene median
best TargetOrtho upstream or intronic cumulative site score per gene
Cumulative scores in novel UNC-3 target genes compared to previously characterized UNC-3 target 












characterized TF target genes is a valid strategy, choosing candidates from the higher scoring end of the 











 Figure 8.    Gbrowse shots of novel unc-3 target genes. TargetOrtho genome browser track files from 
an UNC-3 whole genome were uploaded to Wormbases’ Gbrowse tool using the custom tracks option 
(TargetOrtho_results). This track shows each unc-3 motif match as a shaded arrow. The direction of the 






















Darker shading indicates higher log-likelihood motif match scores where the raw log-likelihood motif 
match score is scaled between 500 and 1000 using the maximum and minimum C. elegans (reference 
genome) scores from the TargetOrtho run. The reporter coverage track shows the coordinates of each 
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Figure 9.   Novel unc-3 predicted target genes validated in vivo. unc-3 mutants show loss of reporter 
expression compared to wild type worms in ventral nerve cord motor neurons where UNC-3 is known to 
be a terminal selector of cholinergic motor neuron fate. Left panel. wild type C. elegans worms. Right 
panel. unc-3(151) worms. GFP fusions were injected into wild type worms then crossed into unc-3(151) 
for scoring. Bar charts show the ventral nerve cord neuron counts for wild type and unc-3 mutant worms 














Program overview and features 
Query list filtering. Further filtering may be applied through user selected query lists (Figure. 2B, Table 
S3) that restrict the results and/or report specifically on a subset of genes such as putative target genes 
determined through expression profiling experiments, ChIP-ChIP/ChIP-seq data, or gene ontology 
associations. The option is especially useful for preliminary TargetOrtho runs as the user may restrict 
initial analysis to a subset of query genes (option -w) in order to fine tune initial TargetOrtho input 
parameters. Positive or negative control target genes may be uploaded as a ‘training set’ using the query 
list only option so that the user may determine trends in true regulatory target genes. Observations made 
in this way may be used to weight the final ranking criteria in future TargetOrtho runs (see binding site 
ranking criteria and the adjustable cumulative site score for weighting details). Upon experimental 
validation of novel target genes, novel target gene binding sites may be used to improve the initial input 
PWM and may be added to the initial query list input file for re-evaluation of the ranking criteria weighting 
schemes.  
 
Genomes. Currently, two reference genomes are available: C. elegans and D. melanogaster. The 
reference genome is the genome from which candidate transcription factor target genes are reported. All 
motif matches in the reference genome are matched to sites in other species’ genome to determine the 
level of motif match conservation among orthologous gene regions. The C. elegans reference genome 
option searches five nematode genomes in the Caenorhabditis genus including C. elegans, C. briggsae, 
C. remanei, C. brenneri, and C. japonica while the D. melanogaster option searches the melanogaster 
species subgroup including D. melanogaster, D. sechellia, D. simulans, D. yakuba, and D. erecta. The 
decision to use these genomes stems from their relatively short evolutionary distance given the 
availability of complete whole genome sequence. By choosing genomes with limited divergence between 
them, we expect enough cis-regulatory functional conservation to provide strong candidates for in vivo 
validation.  Because sequence conservation in regulatory regions may persist despite loss, sub- or neo-
functionalization among recently diverged genomes, conservation alone may not be sufficient to predict 





proteins have co-evolved to allow a certain level of binding site sequence degeneracy. TargetOrtho 
overcomes this constraint by implementing multiple validating criteria in addition to conservation (see 
Binding site ranking criteria below).  
 
Motif search and scoring procedure. Genome-wide motif searches and motif match scoring utilize the 
FIMO tool (Grant et al.  2011) from the MEME suit (Bailey et al. 2009) . Briefly, beginning with a set of 
experimentally derived binding sites, a consensus PWM is constructed by the user in meme plain text 
format (MEME documentation). This input PWM file must include at least one log-odds matrix and/or 
letter probability formatted matrix together with the background nucleotide frequencies (Figure 3A). 
Background letter frequencies are generally chosen as species-specific upstream nucleotide frequencies 
and affect the motif match log-likelihood score (See MEME documentation to learn more about building 
PWMs and choosing appropriate background frequencies). The log-odds matrix used as input for 
TargetOrtho is an n x 4 matrix where n is the nucleotide length of the binding site alignment. The log-odds 
format PWM is of the form: |mij| = 100*log2(pij/fj) where the matrix is a log-odds matrix calculated by taking 
100 times the log (base 2) of the ratio p/f at each position ij in the motif. p is the probability of the 
nucleotide letter j at position i in the motif, and f is the background frequency of the nucleotide letter j. 
Columns of the matrix correspond to the letters of the nucleotide alphabet and rows correspond to the 
positions of the motif with position one coming first (see Meme documentation for a complete description) 
(meme documentation). The letter-probability matrix is of the form |mij| =fij where f is the letter frequency 
of nucleotide at each position ij in the motif. TargetOrtho accepts direct input from MEME (text format) or 
the user may submit a MEME formatted log-odds motif as a plain text file and assign a unique name 
above the motif header in the form “MOTIF name”. Up to five separate PWMs may be submitted in the 
same text file. Each of five species genomes and each input motif (up to five) is searched in parallel 
resulting in DNA hit coordinates, and motif match scores for each site as the log-likelihood ratio of the 
motif match compared to the background letter frequency. The motif match results from FIMO may be 





The -p option may be of interest for preliminary TargetOrtho runs. Combined with a query list (option -q) 
of experimentally determined or suspected candidate target genes, the user may restrict initial analysis to 
a subset of query genes (option -w) in order to fine tune initial TargetOrtho input parameters (Table S3).  
 
Exon association. Each site from each genome is associated with the nearest upstream exon and 
nearest downstream exon to generate the associated exons tables (Figure 1, Figure 5A,5B). The user 
may define the number of intervening genes allowed between a site and its associated exon (option -Z). 
The filter exons option (option -e) allows for the association of sites with only intergenic and intronic 
genomic regions. Removing all exons from the association step will result in missed sites that reside in 
single exon genes such as non-coding RNAs. It may be desirable to identify these sites and associate 
them with the nearest coding gene in which case, the filter exons option should not be used. The offset 
distance from the first exon or last exon of a gene is then determined for each site where a negative offset 
represents an upstream distance and a positive offset represents the downstream nucleotide distance. 
This step is followed by distance filtering using the user defined maximum upstream (option -x) and 
maximum downstream distance (option -i) as well as the nucleotide distance allowed (option -Z) from the 
first exon or last exon if more than 1 intervening genes are positioned between the site and its associated 
gene. Each step in the exon-association procedure is executed in parallel for each genome for each input 
motif.  
 
Orthology matching. Each site in the reference genome is then matched to the site having an 
orthologous gene association in each non-reference genome where the matched site has the smallest 
variance in offset between species (Figure 5B) within the user defined limit (option -P). The offset 
variance of a matched group of orthologous sites is defined as the absolute value of the variance of the 
group of offsets (Figure 5B). This parameter allows for constraint on the positional conservation allowed 
between species and is scalable via a user defined limit and ranking weight. If the require-region-overlap 
option is used (option -k) then each matched site must be in the same region as the reference genome 
site where regions include upstream, downstream, intronic, and exonic loci. If more than one ortholog is 





between genomes), then each site in the reference genome is matched to each orthologous site in each 
non-reference genome. This may result in one site having multiple unique combinations of orthologous 
matches of which each is separately ranked in the final results.  
 
Conservation assignment: Each site in the reference genome is assigned a conservation score 
between 1 and 5 representative of the number of species in which at least one site is associated with an 
orthologous gene. The conservation assignment is constrained by the require-region-overlap parameter 
(option -p). For example, if require-region-overlap is set to True, then a reference genome site found 
upstream of gene X is considered conserved only if the corresponding site in another genome is in the 
same orthologous region, i.e. upstream of an ortholog of gene X. A conservation score of 1 indicates that 
the site is only associated with a gene in the reference genome and therefore not conserved, while a 
conservation score of 5 is assigned when all five genomes have at least one site upstream of a gene and 
its corresponding orthologs. All site-gene associations, together with general conservation, log-likelihood 
scores, and offsets are combined into the All-conserved-hits-ranked table (Figure 1) for each motif input 
taken by TargetOrtho. Each orthology matching step is executed in parallel for each genome and each 
input motif.  
Parameters for TargetOrtho runs. Each P value threshold for the FIMO (Grant et al.  2011) genome 
wide-motif scans was determined by setting the threshold to the highest motif match sequence P value 
among experimentally validated TF target genes for each PWM. TargetOrtho was set to filter out sites 
beyond 20,000 nucleotides upstream (-i 20,000) and 20,000 nucleotides downstream (-x 20000), 20 
genes were allowed between a site and an associated gene (-Z 20 ) if the site was within 6,000 bases (-z 
6000) of the first or last annotated exon. By allowing 20 annotated genes within 6000 bases, motif 
matches in promoters with multiple intervening single exon or non-coding RNA genes are still associated 
with important protein coding genes. Exonic sites were not filtered out (-e False), the query list option (-q) 
was used to report only on (-w True) the specified TF-dependent genes plus 1,000 random coding genes. 






Motif construction and data sets. Each motif used for analysis was generated using experimentally 
validated transcription factor dependent sequences from (Wenick et al. 2004, Kim et al. 2005, Etchberger 
et al.  2007, Kratsios et al.  2012) using the MEME tool (Bailey et al. 2009) (See File S1 and File S3 for 
parameters used for TargetOrtho runs). All analyses were done using the set of previously validated TF-
dependent target genes for unc-3 (Figure S1A motif logos, File S2- gene list 1), ASE (Figure S1C motif 
logos, File S2 gene list-2), and AIY (Figure S1E motif logos, File S2-gene list 4) motifs respectively 
compared to 1000 random C. elegans protein coding genes (File S2-gene list 6).  
 
PWM verification bias correction and analysis. Because each PWM is constructed from a set of 
validated DNA sequences whose content determines the resulting log-likelihood score of a given motif 
match, and because the final cumulative site score for each motif match is constructed using this PWM 
derived log-likelihood score, all analyses were done in parallel with a motif constructed from promoter 
sequences of genes not included in the set of validated TF-dependent genes used for comparison to 
random coding genes. This approach provides a conservative estimate of the significance of the scoring 
schema. This approach was achieved using the following motifs and gene list combinations for 
comparative analysis: the EBF-1 motif (Figure S1B motif logos), the mouse UNC-3 homolog binding site, 
was constructed from mouse DNA sequences derived from ChIP binding data (Treiber et al. 2010)  and 
the set of all 50 previously characterized UNC-3 dependent genes (S1–gene list 1) were compared to the 
set of 1,000 random coding genes (File S2-gene list 6) for analysis; the ASE verification bias corrected 
motif (Figure S1D motif logos) constructed from a subset of CHE-1 dependent promoter sequences with 
all CHE-1 dependent gene promoter sequences except those used to constructed the PWM (File S2-
gene list 3) compared to 1,000 random coding genes (File S2-gene list 7); the AIY motif (Figure S1E motif 
logos), generated from ten TTX-3/CEH-10 dependent gene promoter sequences with all TTX-3/CEH-10 
dependent genes except those ten used to generate the PWM (File S2-gene list 5) compared to 1,000 
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Figure S1.   Motif logos. All logos were generated with Meme (Bailey et al. 2009) from upstream 
sequences of previously validated transcription factor dependent genes (Wenick et al. 2004, Kim et al.  
2005, Etchberger et al.  2007, Kratsios et al.  2012) with background nucleotide frequencies were set to 
A: 0.325 C: 0.175 G: 0.175 T: 0.325 as determined from C. elegans upstream sequences. A. UNC-3 motif 
derived from previously characterized unc-3 dependent target gene sequences (Kim et al. 2005, Kratsios 
et al.  2012). B. EBF1 motif derived from mouse DNA sequences from ChIP binding experiments (Treiber 
et al. 2010). C. ASE motif derived from upstream sequences of previously validated CHE-1 dependent 
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genes(Etchberger et al. 2007). D. ASE (verification bias corrected) motif derived from upstream 
sequences of all CHE-1 dependent genes except those used to generate the ASE motif. E. AIY motif 
derived from ten upstream sequences of previously validated ttx-3/ceh-10 dependent genes (Wenick et 







Figure S2.   -log(P values) from comparison tests. TargetOrtho ranking criteria and cumulative site 
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genes by gene region. Combining upstream and Intronic best motif match data per gene results in the 
most significant difference between comparison groups. Part I. TargetOrtho run with the EBF1 motif. 
Each TargetOrtho ranking criteria is compared among previously characterized unc-3 dependent genes 
and 1000 random coding genes. Each ranking criteria P value is represented as the -log(P value) for 
each gene region (upstream, downstream, intron, exon, all regions) where each comparison group is 
composed of the best motif match value (for ranking criteria A,B,C,A’,B’,C’,D,E,D’,E’,F,G described in the 
figure key) in a given region for each gene in the comparison group. Black dots represent the cumulative 
site score (cs) where the cumulative site score is derived from each averaged species ranking criteria in 
the given region (A’-C’,F,G) and the averaged species total gene ranking criteria (D’, E’). For example, 
part I upstream plot: The cumulative site score is derived from the best averaged species motif match 
score per gene for each ranking criteria A’-C’, F, G and D’,E’ where A’-G are all determined from 
upstream ranking criteria and D’,E’ are averaged values across all gene regions (averaged species gene 
log-likelihood score and averaged species total gene site count). Green dots (A-C) represent the 
significance of the difference between comparison groups for upstream C. elegans ranking criteria while 
A’-C’ represent the corresponding ranking criteria derived from averaged species data and F and G 
represent the conservation and offset variance criteria. Points above the red line are significant such that 
p<.05 and q < .05. Data shown in the intron, upstream + intron, exon, and downstream plots are as 
described for the upstream plot. The first ‘all’ plot represents -log(P values) derived from taking the best 
motif match value from any gene region for comparison tests. The final all plot show the significance of 
the total gene data comparisons using either C. elegans total gene score averaged log-likelihood score 
(D) and the total gene site count (E) across all gene regions or the averaged species data corresponding 
to D and E (D’, E’). Part I’. -log(p values) from comparison tests of unc-3 dependent genes compared to 
1000 random coding genes for TargetOrtho run with the UNC-3 motif. Part II. -log(P values) from 
comparison tests of CHE-1 dependent genes compared to 1000 random coding genes for TargetOrtho 
run with the ASE motif. Part II’. -log(P values) from comparison tests of CHE-1 dependent genes (except 
those used to construct ASE-2 motif) compared to 1000 random coding genes for TargetOrtho run with 
the ASE-2 motif. Part III. -log(P values) from comparison tests of ttx-3/ceh-10 dependent genes 
compared to 1000 random coding genes for TargetOrtho run with the AIY motif. Part III’ -log(P values) 
from comparison tests of ttx-3/ceh-10 dependent genes (except those used to generate the AIY motif 







i Averaged species Ranking Criteria   
A’ target gene region** site score
B‘ target gene region**  score  
C’ target gene region**  site count  
D‘ target gene total score  
E’ target gene total site count 
F’ target gene region** conservation 
G’ target gene offset variance
i Averaged species Ranking Criteria  H’ I’ J’   
A‘ target gene region** site score   1 1 1
B’ target gene region**  score   1 1 1 
C‘ target gene region**  site count   1 1 1 
D’ target gene total score    0 1 1  
E‘ target gene total site count   0 1 1
F’ target gene region** conservation  0 0 1
G’ target gene offset variance   0 0 1
**region=upstream and intron
Values in the grey area are weights, ω, applied to ranking criteria A’-G’ 






MWU comparison test results for individual ranking criteria in  UNC-3 known target genes vs random 
coding genes (EBF1 motif)
MWU comparison test results cumulative site scores in  UNC-3 known target genes vs random coding 
genes (EBF1 motif)
i C. elegans Ranking Criteria   H I  
A target gene region** site score   1 1 
B target gene region**  score   1 1  
C target gene region**  site count   1 1  
D target gene total score    0 1  




















UNC-3 known target gene motif match data Vs. random coding gene motif match data (EBF1 motif) from upstream and intronic regions
CDF plots A-I:  C. elegans data CDF plots A’-J’: Averaged species data
n
i=1
*cumulative site score =  [∑     (ci-bi)/(ai-bi)100ωi] /j
i=ranking criteria (C. elegans criteria 1-n = A-E, Averaged species ranking criteria 1-n=A’-G’)
ci=raw value of ranking criteria i. 
ai =maximum  ci    
bi =minimum  ci 
ωi=weight for ranking criteria  i (shown in grey boxes)
j=number of criteria with weight (ωi)>0 
i C. elegans Ranking Criteria     
A target gene region** site score  
B target gene region**  score     
C target gene region**  site count    
D target gene total score     
E target gene total site count
**region=upstream and intron
 UNC-3 known target genes
 1000 random coding genes
 random coding gene median
 UNC-3 known target gene median
 C. elegans data
 Averaged Species data
 Default method (J’) Jsed by TargetOrtho for generation of cumulative site scores
Values in the grey area are weights, ω, applied to ranking criteria A-E 
















H (dervied from criteria A-C)
H’ (dervied from criteria A’-C’)
I(dervied from criteria A-E)
I’ (dervied from criteria A’-E’)
J’ (dervied from criteria A’-G’)
Representative p values (-log10(p)) for data shown in CDF plots A-I and A’-G’  from each comparison test 
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Figure S3.   EBF1 motif analysis for verification bias correction of UNC-3 analysis-Unc-3 
dependent target gene data (blue) compared to random coding gene data (grey). The set of 
previously characterized unc-3 dependent genes and 1000 random coding genes were submitted to 
TargetOrtho using the EBF1 motif as input (Figure S1B). Data distributions for each TargetOrtho ranking 
criteria were compared between known target genes and random coding genes. 
CDF plots of individual ranking criteria (plots A-E and plots A’-G’): CDF plots are shown for 
individual ranking criteria A-E and A’-G’. TargetOrtho ranking criteria derived from averaged species data 
(A’-G’) better distinguish previously validated TF target genes from random genes compared to using C. 
elegans (reference genome) data alone (A-E). CDF plots A-E show ranking criteria derived from C. 
elegans genome data only while CDF plots A’-E’ show the corresponding ranking criteria derived from 
averaged species data. CDF plot F’ and G’ show averaged species data having no reference genome 
counterpart including the conservation and offset variance data distributions.  
CDF plots of cumulative site scores (plots H, I and plots H’, I’, J’): Data distributions for cumulative 
site scores derived from unique combinations of TargetOrtho ranking criteria are shown in CDF plots 
H,I,H’,I’,J’. CDF plot H shows the cumulative site score distributions derived from C. elegans upstream 
and intronic data only calculated from A-C. The left panel, plots A’-C’ shows the cumulative site score 
CDF plots calculated from the corresponding averaged species upstream and intronic data. CDF plot I 
shows cumulative site scores derived from criteria shown in CDF plots A-E where CDF plots D and E 
represent total gene ranking criteria in C. elegans only (D. C. elegans averaged upstream and intronic 
site scores and E. C. elegans averaged site score across all gene regions). CDF plot I’ (left panel) shows 
the data distribution of cumulative site scores derived from A’-E’ where CDF plots D’ and E’ represent 
the corresponding total gene ranking criteria averaged across species. CDF plot J’ shows cumulative site 
scores derived from all averaged species ranking criteria (A’-G’).   
K. -log10(P value) for each ranking criteria comparison test where transcription factor dependent genes 
were compared to 1000 random coding genes. Compare C. elegans data A-E to average species data A’-
E’ plus F’ and G’.  
L. –log10(P values) for each comparison test where cumulative sites scores in transcription factor 
dependent genes are compared to scores in random coding genes. Compare C. elegans derived 








i Averaged species Ranking Criteria   
A’ target gene region** site score
B‘ target gene region**  score  
C’ target gene region**  site count  
D‘ target gene total score  
E’ target gene total site count 
F’ target gene region** conservation 
G’ target gene offset variance
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A‘ target gene region** site score   1 1 1
B’ target gene region**  score   1 1 1 
C‘ target gene region**  site count   1 1 1 
D’ target gene total score    0 1 1  
E‘ target gene total site count   0 1 1
F’ target gene region** conservation  0 0 1
G’ target gene offset variance   0 0 1
**region=upstream and intron
Values in the grey area are weights, ω, applied to ranking criteria A’-G’ 






MWU comparison test results for individual ranking criteria in  CHE-1 known target genes vs random 
coding genes (ASE  motif)
MWU comparison test results cumulative site scores in  CHE-1 known target genes vs random coding 
genes (ASE motif)
i C. elegans Ranking Criteria   H I  
A target gene region** site score   1 1 
B target gene region**  score   1 1  
C target gene region**  site count   1 1  
D target gene total score    0 1  




















CHE-1 known target gene motif match data Vs. random coding gene motif match data (ASE  motif) from upstream and intronic regions
CDF plots A-I:  C. elegans data CDF plots A’-J’: Averaged species data
n
i=1
*cumulative site score =  [∑       (ci-bi)/(ai-bi)100ωi] /j
i=ranking criteria (C. elegans criteria 1-n = A-E, Averaged species ranking criteria 1-n=A’-G’)
ci=raw value of ranking criteria i. 
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ωi=weight for ranking criteria  i (shown in grey boxes)
j=number of criteria with weight (ωi)>0 
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Figure S4.   ASE motif analysis. che-1 dependent target gene data (blue) compared to random coding 
gene data (grey). The set of previously characterized che-1 dependent genes and 1000 random coding 
genes were submitted to TargetOrtho using the ASE motif as input (Figure S1C). Data distributions for 
each TargetOrtho ranking criteria were compared between known target genes and random coding 
genes. 
CDF plots of individual ranking criteria (plots A-E and plots A’-G’): CDF plots are shown for 
individual ranking criteria A-E and A’-G’. TargetOrtho ranking criteria derived from averaged species data 
(A’-G’) better distinguish previously validated TF target genes from random genes compared to using C. 
elegans (reference genome) data alone (A-E). CDF plots A-E show ranking criteria derived from C. 
elegans genome data only while CDF plots A’-E’ show the corresponding ranking criteria derived from 
averaged species data. CDF plot F’ and G’ show averaged species data having no reference genome 
counterpart including the conservation and offset variance data distributions.  
CDF plots of cumulative site scores (plots H, I and plots H’, I’, J’): Data distributions for cumulative 
site scores derived from unique combinations of TargetOrtho ranking criteria are shown in CDF plots 
H,I,H’,I’,J’. CDF plot H shows the cumulative site score distributions derived from C. elegans upstream 
and intronic data only calculated from A-C. The left panel, plots A’-C’ shows the cumulative site score 
CDF plots calculated from the corresponding averaged species upstream and intronic data. CDF plot I 
shows cumulative site scores derived from criteria shown in CDF plots A-E where CDF plots D and E 
represent total gene ranking criteria in C. elegans only (D. C. elegans averaged upstream and intronic 
site scores and E. C. elegans averaged site score across all gene regions). CDF plot I’ (left panel) shows 
the data distribution of cumulative site scores derived from A’-E’ where CDF plots D’ and E’ represent 
the corresponding total gene ranking criteria averaged across species. CDF plot J’ shows cumulative site 
scores derived from all averaged species ranking criteria (A’-G’).   
K. -log10(P value) for each ranking criteria comparison test where transcription factor dependent genes 
were compared to 1000 random coding genes. Compare C. elegans data A-E to average species data A’-
E’ plus F’ and G’.  
L. –log10(P values) for each comparison test where cumulative sites scores in transcription factor 
dependent genes are compared to scores in random coding genes. Compare C. elegans derived 







i Averaged species Ranking Criteria   
A’ target gene region*** site score
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F’ target gene region** conservation  0 0 1
G’ target gene offset variance   0 0 1
**region=upstream and intron
Values in the grey area are weights, ω, applied to ranking criteria A’-G’ 






MWU comparison test results for individual ranking criteria in  CHE-1 known target genes** vs 
random coding genes (ASE bias corrected motif and data set)
MWU comparison test results cumulative site scores in  CHE-1 known target genes** vs random 
coding genes (ASE bias corrected motif and data set)
i C. elegans Ranking Criteria   H I  
A target gene region** site score   1 1 
B target gene region**  score   1 1  
C target gene region**  site count   1 1  
D target gene total score    0 1  




















CHE-1 known target gene** motif match data Vs. random coding gene motif match data (ASE bias corrected motif and data set) from upstream and intronic regions
CDF plots A-I:  C. elegans data CDF plots A’-J’: Averaged species data
n
i=1
*cumulative site score =  [∑       (ci-bi)/(ai-bi)100ωi] /j
i=ranking criteria (C. elegans criteria 1-n = A-E, Averaged species ranking criteria 1-n=A’-G’)
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 1000 random coding genes
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 CHE-1 known target gene median**
 C. elegans data
 Averaged Species data
 Default method (J’) Jsed by TargetOrtho for generation of cumulative site scores
Values in the grey area are weights, ω, applied to ranking criteria A-E 
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Figure S5.   ASE motif analysis with verification bias correction. che-1 dependent target gene data 
(blue) compared to random coding gene data (grey). The set of previously characterized che-1 dependent 
genes (except those used to construct the bias corrected ASE motif) and 1000 random coding genes 
were submitted to TargetOrtho using the bias corrected ASE motif as input (Figure S1D). Data 
distributions for each TargetOrtho ranking criteria were compared between known target genes and 
random coding genes. 
CDF plots of individual ranking criteria (plots A-E and plots A’-G’): CDF plots are shown for 
individual ranking criteria A-E and A’-G’. TargetOrtho ranking criteria derived from averaged species data 
(A’-G’) better distinguish previously validated TF target genes from random genes compared to using C. 
elegans (reference genome) data alone (A-E). CDF plots A-E show ranking criteria derived from C. 
elegans genome data only while CDF plots A’-E’ show the corresponding ranking criteria derived from 
averaged species data. CDF plot F’ and G’ show averaged species data having no reference genome 
counterpart including the conservation and offset variance data distributions.  
CDF plots of cumulative site scores (plots H, I and plots H’, I’, J’): Data distributions for cumulative 
site scores derived from unique combinations of TargetOrtho ranking criteria are shown in CDF plots 
H,I,H’,I’,J’. CDF plot H shows the cumulative site score distributions derived from C. elegans upstream 
and intronic data only calculated from A-C. The left panel, plots A’-C’ shows the cumulative site score 
CDF plots calculated from the corresponding averaged species upstream and intronic data. CDF plot I 
shows cumulative site scores derived from criteria shown in CDF plots A-E where CDF plots D and E 
represent total gene ranking criteria in C. elegans only (D. C. elegans averaged upstream and intronic 
site scores and E. C. elegans averaged site score across all gene regions). CDF plot I’ (left panel) shows 
the data distribution of cumulative site scores derived from A’-E’ where CDF plots D’ and E’ represent 
the corresponding total gene ranking criteria averaged across species. CDF plot J’ shows cumulative site 
scores derived from all averaged species ranking criteria (A’-G’).   
K. -log10(P value) for each ranking criteria comparison test where transcription factor dependent genes 
were compared to 1000 random coding genes. Compare C. elegans data A-E to average species data A’-
E’ plus F’ and G’.  
L. –log10(P values) for each comparison test where cumulative sites scores in transcription factor 
dependent genes are compared to scores in random coding genes. Compare C. elegans derived 
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**region=upstream and intron
Values in the grey area are weights, ω, applied to ranking criteria A’-G’ 






MWU comparison test results for individual ranking criteria in  TTX-3/CEH-10 known target genes vs 
random coding genes (AIY  motif`)
MWU comparison test results cumulative site scores in  TTX-3/CEH-10known target genes vs 
random coding genes (AIY motif)
i C. elegans Ranking Criteria   H I  
A target gene region** site score   1 1 
B target gene region**  score   1 1  
C target gene region**  site count   1 1  
D target gene total score    0 1  




















TTX-3/CEH-10 known target gene motif match data Vs. random coding gene motif match data (AIY  motif) from upstream and intronic regions
CDF plots A-I:  C. elegans data CDF plots A’-J’: Averaged species data
n
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Figure S6.   AIY motif analysis. ceh-10/ttx-3  dependent target gene data (blue) compared to random 
coding gene data (grey). The set of previously characterized ceh-10/ttx-3 dependent genes and 1000 
random coding genes were submitted to TargetOrtho using the ASE motif as input (Figure S1E). Data 
distributions for each TargetOrtho ranking criteria were compared between known target genes and 
random coding genes. 
CDF plots of individual ranking criteria (plots A-E and plots A’-G’): CDF plots are shown for 
individual ranking criteria A-E and A’-G’. TargetOrtho ranking criteria derived from averaged species data 
(A’-G’) better distinguish previously validated TF target genes from random genes compared to using C. 
elegans (reference genome) data alone (A-E). CDF plots A-E show ranking criteria derived from C. 
elegans genome data only while CDF plots A’-E’ show the corresponding ranking criteria derived from 
averaged species data. CDF plot F’ and G’ show averaged species data having no reference genome 
counterpart including the conservation and offset variance data distributions.  
CDF plots of cumulative site scores (plots H, I and plots H’, I’, J’): Data distributions for cumulative 
site scores derived from unique combinations of TargetOrtho ranking criteria are shown in CDF plots 
H,I,H’,I’,J’. CDF plot H shows the cumulative site score distributions derived from C. elegans upstream 
and intronic data only calculated from A-C. The left panel, plots A’-C’ shows the cumulative site score 
CDF plots calculated from the corresponding averaged species upstream and intronic data. CDF plot I 
shows cumulative site scores derived from criteria shown in CDF plots A-E where CDF plots D and E 
represent total gene ranking criteria in C. elegans only (D. C. elegans averaged upstream and intronic 
site scores and E. C. elegans averaged site score across all gene regions). CDF plot I’ (left panel) shows 
the data distribution of cumulative site scores derived from A’-E’ where CDF plots D’ and E’ represent 
the corresponding total gene ranking criteria averaged across species. CDF plot J’ shows cumulative site 
scores derived from all averaged species ranking criteria (A’-G’).   
K. -log10(P value) for each ranking criteria comparison test where transcription factor dependent genes 
were compared to 1000 random coding genes. Compare C. elegans data A-E to average species data A’-
E’ plus F’ and G’.  
L. –log10(P values) for each comparison test where cumulative sites scores in transcription factor 
dependent genes are compared to scores in random coding genes. Compare C. elegans derived 
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MWU comparison test results for individual ranking criteria in  TTX-3/CEH-10 known target genes** 
vs random coding genes (AIY bias corrected data)
MWU comparison test results cumulative site scores in TTX-3/CEH-10 known target genes** vs 
random coding genes (AIY bias corrected data)`
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TTX-3/CEH-10 known target gene** motif match data Vs. random coding gene motif match data (AIY bias corrected data) from upstream and intronic regions
CDF plots A-I:  C. elegans data CDF plots A’-J’: Averaged species data
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Figure S7.   AIY motif analysis with verification bias corrected data. ceh-10/ttx-3  dependent target 
gene data (blue) compared to random coding gene data (grey). The set of previously characterized ceh-
10/ttx-3 dependent genes (except those used to construct the AIY motif) and 1000 random coding genes 
were submitted to TargetOrtho using the ASE motif as input (Figure S1E). Data distributions for each 
TargetOrtho ranking criteria were compared between known target genes and random coding genes. 
CDF plots of individual ranking criteria (plots A-E and plots A’-G’): CDF plots are shown for 
individual ranking criteria A-E and A’-G’. TargetOrtho ranking criteria derived from averaged species data 
(A’-G’) better distinguish previously validated TF target genes from random genes compared to using C. 
elegans (reference genome) data alone (A-E). CDF plots A-E show ranking criteria derived from C. 
elegans genome data only while CDF plots A’-E’ show the corresponding ranking criteria derived from 
averaged species data. CDF plot F’ and G’ show averaged species data having no reference genome 
counterpart including the conservation and offset variance data distributions.  
CDF plots of cumulative site scores (plots H, I and plots H’, I’, J’): Data distributions for cumulative 
site scores derived from unique combinations of TargetOrtho ranking criteria are shown in CDF plots 
H,I,H’,I’,J’. CDF plot H shows the cumulative site score distributions derived from C. elegans upstream 
and intronic data only calculated from A-C. The left panel, plots A’-C’ shows the cumulative site score 
CDF plots calculated from the corresponding averaged species upstream and intronic data. CDF plot I 
shows cumulative site scores derived from criteria shown in CDF plots A-E where CDF plots D and E 
represent total gene ranking criteria in C. elegans only (D. C. elegans averaged upstream and intronic 
site scores and E. C. elegans averaged site score across all gene regions). CDF plot I’ (left panel) shows 
the data distribution of cumulative site scores derived from A’-E’ where CDF plots D’ and E’ represent 
the corresponding total gene ranking criteria averaged across species. CDF plot J’ shows cumulative site 
scores derived from all averaged species ranking criteria (A’-G’).   
K. -log10(P value) for each ranking criteria comparison test where transcription factor dependent genes 
were compared to 1000 random coding genes. Compare C. elegans data A-E to average species data A’-
E’ plus F’ and G’.  
L. –log10(P values) for each comparison test where cumulative sites scores in transcription factor 
dependent genes are compared to scores in random coding genes. Compare C. elegans derived 






Figure S8.   Heatmaps of gene ontology results from Gorilla analysis. A. Gene ontology enrichments 
of UNC-3 candidate target genes in the top ranked genes from UNC-3 motif whole genome run. The x-
axis show the TargetOrtho best site rank per gene where the rank represents the best motif match 
cumulative score for each candidate target gene in the genome. Site ranks for each gene ontology shown 
on the left (y-axis) are binned. The shading of each bin represents the number of genes within a unique 
rank bin in a particular gene ontology category. B. Gene ontology enrichments of candidate CHE-1 target 
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candidate ttx-3/ceh-10 target genes in the top ranked genes from the AIY motif whole genome run. The 
resulting ontologies among highly ranked predicted TF target genes show enrichments in neurogenesis 







CHAPTER 3: APPLICATION OF TARGETORTHO: CHARACTERIZATION OF HLH-4 TARGET GENES 




3.1 Application of TargetOrtho: Unconventional function of an Achaete-Scute homolog as a 
terminal selector of nociceptive neuron identity 
As a demonstration of the utility of the TargetOrtho software that I designed in the first leg of my 
PhD, I performed secondary analysis on TargetOrtho predicted target gene statistics for the HLH-4 
transcription factor (TF), found by Neda Masoudi to be a terminal selector TF for the ADL nociceptive 
neurons (Masoudi et al 2018). The consensus binding site for this bHLH TF, CACCTG, is an invariant 
version of the E-box motif used by other bHLH TFs and was found to be enriched in the first 2KB 
promoter regions of ADL expressed genes using information-theoretic analysis (Masoudi et al 2018) as 
implemented in the Finding Informative Regulatory Elements (FIRE) algorithm (Elemento et al. 2007). 
Using this consensus binding site in the form of a position weight matrix (PWM) as an entry point, I used 
TargetOrtho to investigate several features of HLH-4 binding sites in the C. elegans genome. Because 
the CACCTG motif is a relatively short sequence of nucleotides, this motif is likely to occur by chance 
roughly 97,656  times in a 100MB genome  like C. elegans or every 1,024 bases. This means that in a 
search space of 2KB, we expect at least one CACCTG motif match by chance. The genome is not 
completely random however as many features are conserved to maintain essential functionality. If a 
sequence in the genome is actually required for regulation of essential genes or fitness of an organism, 
we expect that sequence to be phylogenetically conserved and for the position of the regulatory sequence 
to be maintained, especially in cases where a co-factor protein must bind to an adjacent regulatory motif. 
First, I asked whether HLH-4 binding sites tend to be conserved relative to whole genome motif 
matches among Caenorhabditis genus nematodes. Phylogenetic conservation is an indicator of function, 
hence we expected true HLH-4 target genes to have conserved binding sites in their proximal promoters.  
Second I asked whether the number of HLH-4 motif matches was significantly greater than expected by 
chance. From previous work validating TargetOrtho with experimentally confirmed TF dependent target 
genes, we know that previously validated TF target genes tend to have increased frequency of motif 





al. 2014). Finally I asked if the position of the motif matches in candidate HLH-4 target gene promoters 
tended to be closer to the start codon compared to random protein coding genes.  
RESULTS 
3.2 HLH-4 consensus binding sites in ADL expressed genes have key features of true 
transcription factor target genes. 
My analysis provided a genome-wide assessment of the location of the CACCTG motif in five 
different Caenorhabditis species and allowed us to define a number of features of the CACCTG motif: 1. 
The ADL-expressed genes tend to have more conserved CACCTG motifs among phylogenetically 
conserved orthologous genes compared to any gene in the genome that contains a CACCTG motif. 2. 
ADL genes have more CACCTG motifs compared to any gene with a CACCTG in the genome. This is 
true for all Caenorhabditis species but is most obvious in C. elegans.  3. The upstream CACCTG 
positions are closer to the start codon in the known ADL-expressed genes compared to any gene with a 
CACCTG in the genome (Masoudi, N., Tavazoie, S., Glenwinkel, L., Ryu, L., Kim, K., & Hobert, O. 2018). 
See the following publication for more details including figures and tables (Masoudi et al. 2018). Each of 
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Abstract
Proneural genes are among the most early-acting genes in nervous system development,
instructing blast cells to commit to a neuronal fate. Drosophila Atonal and Achaete-Scute
complex (AS-C) genes, as well as their vertebrate orthologs, are basic helix-loop-helix
(bHLH) transcription factors with such proneural activity. We show here that a C. elegans
AS-C homolog, hlh-4, functions in a fundamentally different manner. In the embryonic, lar-
val, and adult nervous systems, hlh-4 is expressed exclusively in a single nociceptive neu-
ron class, ADL, and its expression in ADL is maintained via transcriptional autoregulation
throughout the life of the animal. However, in hlh-4 null mutants, the ADL neuron is gener-
ated and still appears neuronal in overall morphology and expression of panneuronal and
pansensory features. Rather than acting as a proneural gene, we find that hlh-4 is required
for the ADL neuron to function properly, to adopt its correct morphology, to express its
unusually large repertoire of olfactory receptor–encoding genes, and to express other
known features of terminal ADL identity, including neurotransmitter phenotype, neuropep-
tides, ion channels, and electrical synapse proteins. hlh-4 is sufficient to induce ADL identity
features upon ectopic expression in other neuron types. The expression of ADL terminal
identity features is directly controlled by HLH-4 via a phylogenetically conserved E-
box motif, which, through bioinformatic analysis, we find to constitute a predictive feature of
ADL-expressed terminal identity markers. The lineage that produces the ADL neuron was
previously shown to require the conventional, transient proneural activity of another AS-C
homolog, hlh-14, demonstrating sequential activities of distinct AS-C-type bHLH genes in
neuronal specification. Taken together, we have defined here an unconventional function of
an AS-C-type bHLH gene as a terminal selector of neuronal identity and we speculate that
such function could be reflective of an ancestral function of an “ur-” bHLH gene.
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Across the animal kingdom, transcription factors of the basic helix-loop-helix (bHLH)
family act during embryonic nervous system patterning as proneural genes to promote
neuroblast identity. We describe here a distinct function for a specific member of this
family, hlh-4, in the nematode Caenorhabditis elegans. hlh-4 is exclusively expressed in a
nociceptive neuron class and is not required for this neuron class to be generated but is
rather required for the execution of its terminal differentiation program. hlh-4 directly
controls the expression of scores of terminal identity features of this neuron class, includ-
ing its large battery of chemoreceptor-encoding genes. We propose that a role of bHLH
genes in controlling terminal differentiation may be the ancestral function of members of
this gene family.
Introduction
Nervous system development proceeds through sequential steps, starting with the early com-
mitment to a neuronal fate, followed by the progressive restriction of fates, to finally reaching
a terminal, differentiated end state. Proneural genes of the basic helix-loop-helix (bHLH) fam-
ily play a key role in the initial stages of this process [1]. Mutant analysis in Drosophila revealed
that loss of members of the Achaete-Scute complex (AS-C), as well as the related Atonal gene,
resulted in the loss of the ability to generate neuroblasts in the peripheral nervous system [2–
5]. Vertebrate orthologs of proneural AS-C and Atonal genes (the Mash and Math genes) also
provide critical proneural function in vertebrate nervous system development [1,6–8]. Thus,
the proneural function of AS-C-type and Atonal bHLH genes is broadly conserved throughout
evolution.
The C. elegans genome encodes a canonical complement of homologs of proneural bHLH
genes, including seven AS-C-like genes (hlh-4, hlh-3, hlh-14, hlh-19/hnd-1, hlh-12, hlh-6, hlh-
16) and one Atonal ortholog (lin-32) [9]. The function of many of these C. elegans bHLH genes
in the nervous system has not been as extensively studied as their fly and vertebrate orthologs,
but it is nevertheless clear that a number of these bHLH genes also provide proneural activities
[10–12]. Like in flies and vertebrates, C. elegans proneural bHLH genes operate in a lineage-
specific manner. For example, the C. elegans AS-C ortholog hlh-14 and the C. elegans Atonal
ortholog, lin-32, provide proneural activity in several distinct sensory neuron lineages of the
peripheral and central nervous system (CNS) of the worm [10–12]. In both cases, the pro-
neural activity of hlh-14 and lin-32 is exemplified by a transformation of neuroblasts into cells
with a hypodermal identity in the respective mutant backgrounds.
One question that has been studied extensively over the years is whether AS-C/Atonal-type
bHLH genes have functions in the nervous system that go beyond their proneural activity. In
both vertebrates and flies, nonproneural functions of AS-C and Atonal-like genes have indeed
been described in the context of later neuronal differentiation events (reviewed in [1,6,13]).
Similarly, C. elegans lin-32/Ato has functions beyond its proneural activity in male ray lineages
in which lin-32 also allocates fates in subsequently developing ray sublineages [14]. However,
in all these cases, the respective bHLH gene is either transiently expressed; acts through down-
stream, intermediary regulatory factors; or only affects selected aspects of the differentiated
state of the respective neuron.
In this study, we describe a novel, nonproneural, and noncanonical function of an AS-C-
type bHLH gene. We find that the AS-C homolog hlh-4 displays a spatial and temporal speci-
ficity of expression that is unprecedented for any bHLH gene. hlh-4 is exclusively and
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continuously expressed in a single postmitotic nociceptive sensory neuron class in which it ini-
tiates and maintains the terminal identity of this neuron via direct binding to scores of termi-
nal effector genes that are expressed in a neuron class–specific manner and that define the
differentiated state of this neuron. Among its many functions in ADL, hlh-4 directly regulates
the expression of the unusually large repertoire of olfactory receptor proteins in ADL. We
hypothesize that the direct control of “neuron function genes” may have been an ancestral
function of bHLH genes.
Materials and methods
Strains
Strains were maintained by standard methods [15]. A list of all strains used is listed in S3
Table.
Expression constructs and transgenic strain generation
Green fluorescent protein (GFP) reporters for rescue and ectopic expression were generated
using RF-cloning [16]. For making G-protein coupled receptor (GPCR) transgenic reporters
(listed in S3 Table), a PCR fusion approach was used [17]. Genomic fragments were fused to
the GFP coding sequence, which was followed by the unc-54 30 untranslated region. All trans-
genic lines created in this study were injected at 50 ng/μL with the unc-122::gfp into wild-type
animals or with the pha-1 rescuing plasmid (pBX) as a coinjection marker (50 ng/μL) into
pha-1mutant animals. For each construct, two independent lines were scored.
Fosmid-based reporters for hlh-2, hlh-3, and hlh-4 were generated by insertion of yfp at the
50 end of the hlh-2 locus [18], 30 end of hlh-4 (this paper), and gfp at the 30 end of hlh-3 [19]
using standard fosmid recombineering approaches [19,20].
The arrd-4 promoter (1,587 bp) was cloned together with hlh-4 genomic sequences and
unc-54 30UTR into a pPD95.75 backbone and injected (50 ng/μL) into OH14884 as a simple
array, with unc-122::gfp (50 ng/μL) as a coinjection marker. The unc-3 promoter fusion was
generated by amplification of 558 bp of unc-3 promoter, fused to hlh-4 genomic (including its
own 30UTR), using the PCR fusion approach [17]. Fifty nanograms per milliliter of this con-
struct were injected into OH14884, with ttx-3::mcherry as a coinjection marker.
The eat-4 reporter constructs were generated by PCR and subcloning into pPD95.75 vector.
eat-4prom6-1 contains 4,450 bp of the upstream region of the ATG and eat-4prom2 contains
1,150 bp of the genomic region just upstream of the ATG. The E-Box and homeodomain
motif are found at positions -693 and -726 relative to the ATG start codon, respectively. The
specific sequences deleted are, for the E-Box, AACAGGTGTT, and for the homeodomain site,
ATTAGATAAT. The deletions were generated by mutagenesis with the QuickChange Site-
Directed Mutagenesis kit (Stratagene). The plasmids were injected into OH13645 [otIs518;
him-5(e1490)] at 50 ng/μL, using unc-122::gfp (50 ng/μL) as a coinjection marker.
Microscopy
Worms were anesthetized using 50 mM sodium azide (NaN3) and mounted on 5% agarose on
glass slides. Images were acquired using an automated fluorescence microscope (Zeiss, AXIO
Imager Z.2) or LCS-8 laser point scanning confocal. Representative images are shown follow-
ing maximum projection of Z-stacks using the maximum intensity projection type. Image
reconstruction was performed using Fiji software [21].
Terminal selector of nociceptive neurons







ADL neurons were identified by labeling subsets of sensory neurons with DiD or DiO
(Thermo Fisher Scientific). For dye filling, worms were washed with M9 and incubated at
room temperature with DiD (1:500) in M9 for 1 hour for Adults or (1:250) for 2 hours for L1
stage animals. After incubation, worms were washed three times with M9 and plated on agar
plates coated with food (OP50 bacteria) for 1–3 hours before imaging.
Embryonic expression pattern analysis
The expression of bHLH fosmid reporters was manually lineaged using SIMI BioCell program,
as previously described [22]. Briefly, the gravid adults of hlh-4Fosmid::yfp (otIs683) and hlh-3fosmid::
gfp (otIs648)were dissected and single two-cell embryos were mounted and visualized on a Zeiss
Imager Z1 compound microscope using the 4Dmicroscopy software, Steuerprg (Caenotec).
Nomarski stacks were taken every 30 seconds and embryos were illuminated with LED fluores-
cence light (470 nm) at predetermined time points during development.
Avoidance assay
Avoidance assay was performed as previously described [23,24]. L4 stage animals were picked
onto OP50 seeded plates before a day of assay. We used 100 nM or 500 nM ascr#3 or 1M glyc-
erol diluted in M13 buffer. In the assay, M13 buffer was firstly dropped in front of animals’
heads. When the animals didn’t respond to M13 buffer, we then dropped ascr#3/glycerol and
checked avoidance to the stimulus. Long reversals were counted as avoidance [25]. The tests
were done at least 5 times with 10 animals each.
DNAmotif discovery
Motif discovery was carried out using information-theoretic analysis as implemented in the
Finding Informative Regulatory Elements (FIRE) algorithm [26]. De novo motifs were discov-
ered by running FIRE in discrete mode, with all the genes in the C. elegans genome labeled as
either belonging to class 1: the neuron-specific expression class (e.g., 117 ADL-expressed
genes) or class 2: the complementary set of all other remaining genes. The starting k-mer seed
length was set to k = 6 and the sequence search space was confined to 2-kb upstream regions.
The discovered CACCTG motif had a robustness score of 10/10 with a significance z-score of
18.3.
Phylogenetic footprinting
We used TargetOrtho [27] to find whole genome CACCTG motif matches in five nematode
genomes searching 2 kb upstream of each gene plus introns. ADL-expressed genes and all C.
elegans genes, excluding noncoding RNAs, were compared using the Wilcoxon rank sums test
to assess alignment independent species conservation scores, motif match position relative to
the start codon, and motif match frequency per gene. Only genes with at least one CACCTG
match were analyzed.
Results
hlh-4 is exclusively expressed in nociceptive ADL neurons
As a first step toward a systematic analysis of the neurogenic function of C. elegans bHLH
genes, we undertook a nervous system–wide expression pattern analysis of all C. elegans AS-C-
like genes. Using fosmid-based reporter transgenes, we found that many bHLH genes are
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expressed during embryonic development within and outside neuronal lineages, but we
noticed that one AS-C-like bHLH gene, hlh-4, displays an unusual expression pattern, both in
terms of spatial and temporal specificity (Fig 1). hlh-4 expression is not observed in any blast
cells during embryonic or postembryonic development but rather is first expressed in two
pairs of postmitotic cells in the precomma stage embryo, shortly after their birth (Fig 1A). One
pair is the ADL neurons and the other pair is the sisters of ADL, which die shortly after their
birth by programmed cell death [28]. Expression of hlh-4 in ADL is observed for the remainder
of embryogenesis, continues during larval and adult stages, and is never observed in any other
cell throughout the entire organism (Fig 1A). The fosmid on which the yfp reporter construct
is based is able to fully rescue the hlh-4mutant phenotype that we describe below (rescue data
are shown in Table 1). The ADL-specific fosmid-based reporter expression pattern is recapitu-
lated by a 700-bp 50 promoter fusion reporter (Fig 1C).
With the exception of hlh-3, which is expressed in a subclass of postmitotic motor neurons
of the ventral nerve cord [31], none of the other C. elegans AS-C-like bHLH genes (hlh-6, hlh-
12, hlh-14, hlh-16, hlh-19/hnd-1) share the postmitotic, post-developmental neuronal expres-
sion feature of hlh-4 [12,32–34]. We note that while our fosmid-based hlh-3 reporter showed
extensive expression in blast cells during embryogenesis, it does not recapitulate the postem-
bryonic ADL expression previously reported using a reporter that only contained 1.5 kb of 50
sequences upstream of the gene [35].
The only other bHLH reporter expressed in postmitotic neurons throughout embryonic,
larval, and adult stages is the Daughterless homolog hlh-2/Da [29], a binding partner of many
C. elegans AS-C-related bHLH genes [30]. Expression of HLH-2/DA protein in a specific sub-
set of postmitotic neurons, including the nociceptive neurons ADL and ASH, has been previ-
ously reported using anti-HLH-2 antibody staining [29], but it was not reported whether
expression persisted into later larval and/or adult stage. Using a fosmid-based reporter of hlh-
2/Da expression, we found that ADL and ASH expression of hlh-2/Da, as well as expression in
a few other head and tail neurons, is maintained throughout all larval stages into adulthood
(Fig 1B). We conclude that hlh-4/AS-C and its heterodimerization partner hlh-2/Da are con-
tinuously coexpressed specifically in the nociceptive ADL neuron class.
Continuous hlh-4 and hlh-2 expression is ensured by transcriptional
autoregulation
One well-documented mechanism by which transcription factors ensure their continuous
expression throughout the life of a neuron is through transcriptional autoregulation (e.g., [36–
39]). To assess whether continuous expression of hlh-4 throughout the life of the ADL neuron
is also ensured by autoregulation, we used a 50 promoter fusion of the hlh-4 locus, which reca-
pitulated the continuous expression of hlh-4 in ADL (Fig 1C). We crossed this reporter into an
hlh-4mutant allele, tm604, a putative null allele generated by the C. elegans knockout consor-
tium in Tokyo [40] in which the bHLH domain is largely deleted (Fig 1A). We found that hlh-
4 reporter expression in the ADL neuron pair is initiated normally in hlh-4mutant embryos,
but expression fails to be maintained beyond the first larval stage (Fig 1C). As yet unknown
factors may initiate hlh-4 expression in the embryo and, after its initiation, hlh-4 takes over to
regulate its own expression.
We furthermore tested whether continuous expression hlh-2/Da in ADL requires hlh-4
activity. Crossing the hlh-2 fosmid reporter into the hlh-4mutant background, we indeed
found this to be the case (Fig 1B). We conclude that the continuous expression of both hlh-4
and its putative cofactor hlh-2/Da is based on transcriptional autoregulation.
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Fig 1. hlh-4 and hlh-2 expression in postmitotic ADL neurons. (A) hlh-4 and hlh-3 fosmid reporters and their expression patterns. Schematic of
gene structure shows that the deletion in tm604 and tm1688 alleles removes a major part of the bHLH domain from both genes. Lineage diagram
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hlh-4 does not act as a proneural gene
In most if not all organisms examined, AS-C genes have proneural function, characterized by a
loss of neuroblast identity in the absence of the AS-C gene and ensuing conversion into an ecto-
dermal identity [1,3,6,13]. Previous work has demonstrated that in the lineage that produces
ADL, as well as other sensory neurons, the transiently and early-expressed AS-C gene hlh-14 acts
as a proneural gene, such that loss of hlh-14 results in a neuroblast to hypodermal fate conversion
[12]. In striking contrast, we find that the later-expressed hlh-4 gene does not act as a proneural
gene. Specifically, in hlh-4 null mutants, the ADL neuron pair is still generated and differentiates
as a neuron, as assessed by (a) intact expression of a panneuronal reporter, rab-3, (b) intact filling
of the ADL neuron with the dye DiI (which is taken up by the dendritic endings of several sensory
neurons, including ADL [41]), and (c) presence and intact speckled appearance of the ADL neu-
ronal nucleus by Nomarski optics (Fig 2A). Corroborating this notion, we find that the two genes
that are expressed by all ciliated sensory neurons, osm-6 and ift-20 [42,43], are still normally
expressed in the ADL neurons of hlh-4mutants (Fig 2B). Even though we could not confirm the
previously reported expression of hlh-3 in ADL (Fig 1A), we nevertheless generated hlh-3; hlh-4
double null mutants and found that in these animals the ADL neurons are also still generated nor-
mally, as assessed by intact DiI filling and characteristic neuronal nuclear speckles (Fig 2A).
The expression of the hlh-4 promoter fusion in hlh-4mutants until the first larval stage per-
mitted us to visualize the anatomy of the ADL neurons in the absence of hlh-4 gene function.
While the cell body of ADL is normally positioned, we find that ADL axons and dendrites dis-
play severe morphological defects (Fig 2C). The sensory dendrites of ADL are often detached
from the nose. Even when attached, the cilia of ADL often do not display their characteristic
bifurcated ciliated endings. The axons of ADL, which in wild-type animals display a highly ste-
reotyped extension and branching pattern, show pathfinding and branching defects (Fig 2C).
hlh-4 affects expression of the unusually large repertoire of olfactory
receptors in ADL
To examine whether and to what extent hlh-4 is required to specify ADL neuron identity, we
examined the differentiation program of the ADL neurons in detail. The ADL nociceptive
showing the specific cells from ADL ancestors that express hlh-2, hlh-3, hlh-4, and hlh-14 during embryogenesis. Representative images of hlh-3 and
hlh-4 gene expression at embryonic stages next to their exact time point during embryonic development (left). hlh-4 fosmid reporter is first detected
in ADLs and their sister cells as soon as they are born (left panel). Roughly 30 minutes after they are born, sisters of ADLs die by apoptosis (Asterisks
indicate ADLs sister cells that are destined to die by apoptosis) and hlh-4 expression becomes restricted to ADLs only (right panel). Yellow dashed line
is marking gut autofluorescent. Expression of hlh-2 in the dying ADL sister could not be examined. hlh-14 expression is shown for comparison and
was reported in [12]. (B) Schematic of fosmid reporter for hlh-2. HLH-2 is continuously expressed in very few neurons throughout adulthood, among
them ADL, and this continuous ADL expression depends on hlh-4. Previous work had examined expression of hlh-2 in L1 stage animals only [29].
(C) Continuous hlh-4 expression in ADL is assured via autoregulation. In hlh-4mutants, hlh-4 expression, as assessed with a hlh-4 promoter fusion,
initiates normally at the embryonic stage; however, it fails to maintain the expression past L1 stage. bHLH, basic helix-loop-helix; L1, first larval stage.
https://doi.org/10.1371/journal.pbio.2004979.g001
Table 1. Rescue of the hlh-4mutant phenotype. srh-127::gfpexpression was expressed from the otIs646 array. The
hlh-4 fosmid is WRM0611bB05.
Genotype Transgene srh-127::gfp in ADL
(% animals)
n




otEx4130[hlh-4fosmid::yfp; ttx-3::mcherry] 100% 25
otEx7180[hlh-4 fosmid; ttx-3::mcherry], line #1 100% 27
otEx7181[hlh-4fosmid; ttx-3::cherry], line #2 100% 25
otEx7179[arrd-4prom::HLH-4::rfp; unc-122::gfp] 100% 41
https://doi.org/10.1371/journal.pbio.2004979.t001
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Fig 2. hlh-4 does not operate as a proneural gene to control generation of the ADL nociceptive neurons but affects its morphological
differentiation. (A) Expression of panneuronal gene rab-3 is unaffected in ADL neurons of hlh-4mutants. Moreover, ADL neurons exhibit
stereotypic speckled neuronal nuclei (shown here by Nomarski) and display normal dye filling ability in hlh-4 single null mutants and also in hlh-
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neuron pair coexpresses an unusually large number of olfactory-type GPCRs [44–46]. Repor-
ter genes generated for about one fifth of the approximately 1,300 GPCR encoding reveal the
expression of more than 60 GPCR genes from diverse families in ADL [46]. Extrapolating to
the complete set of GPCRs encoded in the C. elegans genome, about 300 GPCR-encoding
genes may be expressed in ADL. We asked whether hlh-4 is required for the expression of 12
GPCR-encoding genes. We chose these genes to cover the diverse set of GPCR gene families
expressed in ADL (sra, sre, sri, srz, srh, srxa, and srx families). We found that expression of all
of the tested 12 GPCR reporters is abrogated in hlh-4mutants (Fig 3A). While all defects were
routinely scored at the adult stage, we note that these defects are already apparent at the first
larval stage. Consistent with the absence of expression of the hlh-4 paralog hlh-3 in postmitotic
ADL neurons, we find that hlh-3 does not affect srh-127 expression in ADL.
To test whether hlh-4 does not only affect expression of chemoreceptor proteins but also
affects the chemorepulsive function mediated by the ADL neurons, we considered its chemor-
epulsive function toward a specific nematode pheromone, the ascaroside ascr#3 (asc-ΔC9, C9)
[24]. While wild-type hermaphrodites are repelled by ascr#3, this repulsion is significantly
reduced in hlh-4 hermaphrodites (Fig 3B). This is not a reflection of an overall failure to
engage in a nociceptive response because another chemorepulsive behavior, mediated by the
ASH neurons (glycerol avoidance) [47], is not affected in hlh-4mutants (Fig 3B).
hlh-4 specifies the neuron type–specific molecular signature of ADL
We tested whether hlh-4 function is restricted to controlling olfactory receptor expression and
function in the ADL neurons or whether other identity features of ADL are disrupted as well.
A TRP channel protein encoded by the osm-9 gene, expressed in a restricted set of sensory
neurons, is required in ADL to signal the response to distinct chemorepulsive sensory inputs
[24,48,49]. We find that osm-9 expression is selectively lost in the ADL neurons of hlh-4
mutant animals (Fig 4).
Going beyond signal perception and transmission, we asked whether ADL requires hlh-4 to
communicate with its synaptically connected neurons [50]. Based on the expression of the
vesicular glutamate transporter eat-4/VGLUT, the key defining feature of all glutamatergic
neurons, ADL neurons have previously inferred to be glutamatergic [51]. We find that the glu-
tamatergic identity of ADL, as assessed by eat-4 fosmid reporter gene expression, is defective
in hlh-4mutant animals (Fig 4). Apart from using glutamate as a likely fast neurotransmitter,
the expression patterns of various neuropeptide-encoding genes indicate that ADL also utilizes
distinct peptides for neurotransmission [52,53]. We find that the expression of four neuropep-
tides, previously known to be expressed in ADL, as well as other neurons (FMRFamides flp-4
and flp-21 and neuropeptides nlp-7 and nlp-10) [52,53] specifically fail to be expressed in the
ADL neurons of hlh-4mutants, while expression in other neurons is unaffected (Fig 4).
Apart from peptidergic and chemical synaptic transmission, electrical synaptic transmis-
sion is likely also affected in hlh-4mutants. ADL forms electrical synapses with a select number
of neighboring neurons [50]. Electrical synapses are formed by transmembrane innexin pro-
teins [54], and 3 of the 24 C. elegans innexin genes, unc-7, inx-18, and che-7, are expressed in
3; hlh-4 double null mutants. (B) The pansensory identity of ADL neurons in hlh-4mutant is intact, shown here using ciliated genes markers
(osm-6 and ift-20). Numerical values that underlie the graph are also shown in S1 Data. (C) hlh-4 mutants display ADL neuron morphology
defects. ADL is visualized with a hlh-4prom reporter whose expression is still visible at the first larval stage (as shown) of hlh-4mutants. Defects
include (1) detachment of dendrites (labeled in green) from the nose (surprisingly, even the detached ADL neurons are still able to dye fill, as
inferred by the completely unaffected dye filling of hlh-4mutants [panel A]), (2) cilia defect (no branching or extra branching of normally
bifurcated ciliated ending), and (3) axon (labeled in red) branching defect. Numerical values that underlie the graph are shown in S1 Data.
https://doi.org/10.1371/journal.pbio.2004979.g002
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ADL, as well as a specific set of other neuron types [55]. The expression of all three innexin
genes is lost specifically in the ADL neurons of hlh-4mutants (Fig 4).
Fig 3. hlh-4 is required for chemoreceptor expression and chemosensory function of the ADL neurons. (A) Effect of hlh-4(tm604) allele on GPCR reporter
expression. DiD staining (red) is used to label the amphid neurons, including ADL. Numerical values that underlie the graph are shown in S1 Data. (B) ADL-mediated
chemosensory behavior toward C9 ascaroside. Statistical significances shown were calculated with the one-way ANOVA with Dunnett’s test. Numerical values that
underlie the graph are shown in S1 Data. WT, wild-type.
https://doi.org/10.1371/journal.pbio.2004979.g003
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Transmembrane ion channel expression is also affected in hlh-4mutants. Na+/Ca2+-K+
exchangers are important regulators of intracellular calcium homeostasis in the nervous sys-
tem, and members of this family show remarkably specific gene expression profiles in the C.
elegans nervous system [56]. Two Na+/Ca2+-K+ exchangers, ncx-6 and ncx-7, are each exclu-
sively expressed in the ADL neurons of wild-type animals [56]. The expression of both genes
in ADL is abrogated in hlh-4mutants (Fig 4).
To examine whether these defects are a consequence of the failure of solely maintaining the
differentiated state versus failure of initiation of the differentiated state, we examined the
expression of several ADL markers right after hlh-4mutant embryos had hatched. Testing four
specific markers (srh-127, sre-43, srt-47, and ncx-6), we found that expression is already
affected at this early stage of development.
In conclusion, we find that several distinct identity features that define functional features
of the ADL neuron are coregulated by the same transcription factor. The affected identity fea-
tures share the common theme of providing the ADL with a unique molecular signature and
identity. In contrast, hlh-4 does not affect generic neuronal features (i.e., pansensory or pan-
neuronal features).
hlh-4 is sufficient to induce ADL features in other neuron classes
hlh-4 is not only required for the expression of ADL identity genes, but ectopic expression of
hlh-4 is also sufficient to induce ADL identity features. We drew this conclusion by driving
expression of hlh-4 in many other ciliated sensory neurons, using the arrd-4 promoter [57] (S1
Fig). The arrd-4prom::hlh-4 construct is not only able to rescue the loss of srh-127::gfp expres-
sion in ADL in hlh-4mutants (Table 1), but these transgenic animals display ectopic expres-
sion of the normally ADL-expressed srh-127::gfp reporter in many ciliated sensory neurons
(Fig 5A). Similarly, the TRP channel osm-9, the neuropeptide-encoding flp-4 gene and the
vesicular glutamate transporter eat-4 also are ectopically expressed in other sensory neurons in
these transgenic animals (Fig 5A).
To further probe the ability of hlh-4 to induce ADL identity features in other neurons, we
misexpressed hlh-4 under control of a promoter fragment from the unc-3 locus, which is
expressed in ventral cord motor neurons and a small set of head neurons (S1B Fig). Trans-
genic animals expressing a unc-3prom::hlh-4 construct show ectopic expression of the ADL
marker srh-127::gfp in head neurons but not in ventral cord motor neurons (Fig 5B). The
apparent cellular context dependency of hlh-4 function mimics the context dependence of
other master regulators of cellular identity, such as Eyeless/Pax6 [58].
cis-Regulatory regions of ADL-expressed genes are enriched for a specific
E-box motif
Because gene expression is usually examined in C. elegans via reporter gene constructs, a large
library of reporter transgenes that monitors the expression of thousands of genes has been
amassed by the C. elegans community over the past few decades. In many cases, expression pat-
terns of these reporter transgenes have been defined on a single neuron level. Almost 200
reporter transgenes have been found to be expressed in the ADL neurons (www.wormbase.
org, S2 Table). The genes tested above for their dependence on hlh-4 belong to this dataset.
We took a subset of these genes (117) and asked whether 50 upstream regulatory regions of
Fig 4. hlh-4 is required for the acquisition of terminal ADL identity. Indicated gfp reporters were crossed into hlh-4(tm604)mutants and
expression quantified. The function/identity of the marker genes is indicated above each panel. In all panels in which a gfp reporter is used, DiD
staining (red) is used to label the amphid neurons, including ADL. Numerical values that underlie the graph are shown in S1 Data.
https://doi.org/10.1371/journal.pbio.2004979.g004
Terminal selector of nociceptive neurons





genes whose expression is monitored by these reporter transgenes are enriched for the pres-
ence of a specific sequence motif using the FIRE motif analysis platform [26] (see Materials
and methods). We restricted the search space to the first 2 kb upstream of these genes. As a
control, we also considered several other neuron classes that Wormbase associated with a large
number of reporter genes (AIY, ASE, ALM, HSN, ASI, ASK, ASH, PHA; www.wormbase.org)
and interrogated the upstream regulatory control regions of those genes. In the ADL dataset,
we indeed identified a motif found in 75% of the ADL-expressed reporter genes (Table 2, S1
Table; S2 Table). The motif, shown in Fig 6A, has a completely invariant 6-nucleotide core,
CACCTG, and no striking sequence features outside this core. There is no orientation prefer-
ence for this motif on the plus versus minus strand. This motif is not enriched in the control
datasets (AIY, ASE, ALM, HSN, ASI, ASK, ASH, or PHA expressed reporter genes).
Fig 5. hlh-4 is sufficient to induce ADLmarker in other chemosensory neurons. (A) Transgenic animals ectopically expressing hlh-4with the pan-cilia-promoter
arrd-4, and the effect on chromosomally integrated reporters for ADL identity, srh-127, osm-9, eat-4, and flp-4. In the lower panels, white arrows indicate the ectopic
cells that are now induced by HLH-4 to express ADL-fate markers. Yellow arrows mark ADL neurons. The ectopic marker expression effect is fully penetrant and
numbers of animals scored are shown. (B) Transgenic animals ectopically expressing hlh-4 under control of a promoter fragment from the unc-3 locus. The effect on
the chromosomally integrated reporters for ADL identity, srh-127, is shown. This promoter fragment of the unc-3 locus recapitulates unc-3 expression in ventral nerve
cord motor neurons and, ectopically, in unidentified head neurons (S1 Fig). When driving hlh-4, ADL marker expression is induced in head neurons but not in the
ventral nerve cord. The ectopic marker expression effect is fully penetrant and can be detected in approximately four extra neurons, in the head (marked with white
arrows). The numbers of animals scored are shown.
https://doi.org/10.1371/journal.pbio.2004979.g005
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The CACCTGmotif matches experimentally determined bHLH binding sites (CANNTG)
[59] and specifically matches the in vitro binding site of the C. elegans HLH-4/HLH-2 hetero-
dimer, CA(G/C)CTG [30]. Probabilistic segmentation analysis of upstream regulatory
sequences of ADL neuron-expressed GPCR genes had previously also identified a similar CA
(G/C)CTG motif [45].
All the 23 terminal effector genes that we described above as depending on hlh-4 in their
expression in ADL (Fig 3; Fig 4) contain at least one copy of this motif within 2 kb upstream
of the 50 start of the gene (Table 2, S1 Table). The one hlh-4-dependent GPCR reporter (srh-
79) that does not contain a perfect match to the E-box motif contains a 1-nucleotide-mis-
matched copy of the motif (CACGTG versus CACCTG).
The hlh-4 locus itself and, specifically, the 700-bp 50 upstream regulatory region that shows
hlh-4 autoregulation (Fig 1C) contains two copies of the perfectly matched CACCGTmotif
(both motifs are located in the 245-bp-long intergenic region). Moreover, the upstream region
of the hlh-2/Da gene, the putative cofactor of hlh-4, which is also continuously expressed in
ADL, also contains three copies of this motif in its 50 upstream intergenic region. The regula-
tion of hlh-2/Da expression by hlh-4 (demonstrated above) is therefore also likely a reflection
of direct autoregulation of the hlh-2 locus by the HLH-4/HLH-2 heterodimer.
Three lines of evidence further validate the importance of the CACCGT E-box motif for
ADL expression:
1. We mutated the CACCGT E-box motif in one of the newly discovered, hlh-4-dependent
targets, srh-127, and found that this mutation abolished expression in ADL (Fig 6B).
2. We examined whether a set of 35 ADL-expressed reporter genes not included as a training
set for the FIRE analysis also contain the CACCTGmotif. All of these 35 reporter genes
code for GPCRs that were found to be expressed in ADL after the initial FIRE analysis was
performed [46]. We found that 33 out of the 35 ADL-expressed reporters contain the
CACCTGmotif (Table 2, S1 Table). In contrast to the presence of the E-box motif in
ADL-expressed and hlh-4-dependent genes, we found that panneuronal genes [60] are
largely devoid of the CACCTG E-box (rab-3, ric-4, snb-1, unc-64, sng-1, unc-10, unc-18,
Table 2. ADL-expressed effector genes, presence of E-box, and hlh-4 dependence. For more detail in genes and for
precise location of the motif see S1 Table. For primary data see Fig 2 and Fig 3.
Category presence of CACCTG E-box hlh-4 dependent
sensory receptors (GPCR and rGCY) 68/73 12/12 tested
GPCR trafficking 3/3
neurotransmitter (Glu, neuropeptides) 6/6 5/5 tested
neurotransmitter receptors 3/5
transporter 2/3 2/2 tested
channels 6/7 1/1 tested
electrical synapse (innexins) 5/5 3/3 tested
cytoskeleton 2/2
transmembrane/adhesion 2/2




Abbreviations: Glu, glutamate; GPCR, G-protein coupled receptor; rGCY, receptor-type guanylyl cyclase.
https://doi.org/10.1371/journal.pbio.2004979.t002
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Fig 6. The HLH-4/HLH-2 E-box motif is required for ADL expression and is a predictor for ADL expression. (A)
Motif logo representation of the E-box of ADL-expressed genes. (B)Deletion of E-box motif in the promoter of srh-
127, a GPCR that normally expresses in ADL, abolishes the ADL expression. Asterisks are marking ttx-3::mcherry
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snn-1, egl-3, and egl-21 do not contain an E-box within 2 kb of their start sites, while unc-11
and snt-1 do).
3. We generated 12 reporters to additional sets of genes (again all GCPR-encoding genes) that
the FIRE analysis revealed to either contain or not contain this motif. All of the nine genes
that contain a CACCTG motif indeed showed expression in ADL (Fig 6C). Three GPCR
reporters that do not contain a CACCTGmotif show no expression in ADL (Fig 6C).
Phylogenetic conservation of the E-box motif and further validation of its
importance for ADL expression
We used phylogenetic footprinting in the TargetOrtho pipeline [27] to assess the extent of con-
servation of the CACCTG motif among five Caenorhabditis species, C. elegans, C. briggsae,C.
remanei, C. brenneri, and C. japonica (S2 Table). This analysis provided a genome-wide assess-
ment of the location of the CACCTGmotif in these five different species and allowed us to
define a number of features of the CACCTGmotif:
1. The ADL-expressed genes tend to have more conserved CACCTGmotifs among phyloge-
netically conserved, orthologous genes compared to any gene in the genome that contains a
CACCTGmotif (Fig 6D).
2. ADL genes have more CACCTGmotifs compared to any gene with a CACCTG in the
genome. This is true for all Caenorhabditis species but is most obvious in C. elegans (Fig 6D).
3. The upstream CACCTG positions are closer to the start codon in the known ADL-expressed
genes compared to any gene with a CACCTG in the genome (Fig 6D). This trend is most
obvious in C. elegans but is also significant in the other four Caenorhabditis species.
Moreover, we find that two of the ADL-expressed genes that do not contain a perfect match
to the CACCTGmotif (srh-79 and srh-186, one of which, srh-79, we confirmed to be hlh-4-
dependent) contain a motif with a single mismatch to the CACCTGmotif (CACGTG), yet all
Caenorhabditis species that have orthologues of these two genes contain perfect CACCTG
motif matches (Table 2, S1 Table).
In conclusion, a CACCTGmotif defines a signature for ADL-expressed genes. Given that
this motif is a known in vitro binding site for a HLH-4/HLH-2 dimer [30], hlh-4 appears the
most likely candidate to directly activate the expression of scores of genes that uniquely and
combinatorially define the terminally differentiated state of the ADL neuron pair.
hlh-4 displays complex regulatory interactions with the lin-11 LIM
homeobox gene
The partially penetrant effect of hlh-4 on eat-4/VGLUT expression suggested that hlh-4 partly
relies on additional factors to control eat-4/VGLUT expression. This notion is further
expression, used as a coinjection marker. (C) Reporter expression pattern of GPCRs that contain or do not contain the
indicated E-box core motif CACCTG. DiD staining (red) is used to label the amphid neurons, including ADL. (D)
Cumulative distributions of Caenorhabditis elegans upstream CACCTG conservation per gene (left), CACCTG site
count per gene (middle), and CACCTG upstream site position per gene (right). Blue: whole genome genes; purple:
ADL-expressed genes. ADL genes had motif matches that were conserved in 3.39 species’ orthologs, on average, versus
1.85 species’ orthologs amongst all genes with at least one CACCTG site match (Wilcoxon test statistic = 11.34,
p = 8.23e−30). ADL genes had 3.23 CACCTGmatches per gene compared to 2.67 CACCTGmatches genome wide per
gene with at least one site match (Wilcoxon test statistic = 4.41, p = 9.90e−06). CACCTG site positions in ADL-
expressed genes were on average 657.35 bases upstream of the start codon compared to 1,001.77 bases upstream of the
start codon genome wide per gene with at least one site match (Wilcoxon test statistic = 7.98, p = 1.42e−15).
https://doi.org/10.1371/journal.pbio.2004979.g006
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corroborated through an examination of the cis-Regulatory control regions of the eat-4/
VGLUT locus. We find that 4.5 kb of sequence upstream of the eat-4/VGLUT locus directs
reporter gene expression to many glutamatergic neurons, including ADL (prom6-1; Fig 7A).
This 4.5-kb region contains a phylogenetically conserved CACCTGmotif 691 bp upstream of
the ATG. Deletion of this motif results in loss of expression in ADL (Fig 7A). However, while
this motif is required for ADL expression, it is apparently not sufficient: deleting 3.2 kb from
the 4.5-kb 50 reporter fusion leaves the E-box unaffected but abolishes expression in ADL
(prom2; Fig 7A), suggesting that these deleted sequences contain binding site(s) for a tran-
scription factor that cooperates with hlh-4 to activate eat-4/VGLUT expression.
The LIM homeobox gene lin-11 was previously shown to be expressed in postmitotic ADL
neurons throughout their lifetime [61]. We find that lin-11 expression in ADL is not affected
in hlh-4mutants (Fig 7B). Corroborating a role of lin-11 in parallel to hlh-4, we find that lin-11
null mutants are defective in the ADL-mediated chemorepulsive response to C9 ascaroside
(Fig 7C). Consistent with this behavioral defect, we observed that lin-11 null mutants display
defects in the expression of several of hlh-4-dependent and E-box-containing genes, including
ncx-6, srh-234, and flp-21 (Fig 7D). However, lin-11 does not affect the hlh-4-dependent flp-4
gene, nor does it affect eat-4/VGLUT fosmid reporter expression (Fig 7D).
We tested whether a function for lin-11 on eat-4/VGLUT expression could be revealed
in the context of an hlh-4mutant background, in which eat-4/VGLUT fosmid reporter expres-
sion is only partially affected. lin-11; hlh-4 double mutants still normally express pansensory
markers in ADL, but they display a dye filling defect that neither mutant alone displays, cor-
roborating the parallel nature by which hlh-4 and lin-11 affect ADL differentiation (Fig 7E).
Surprisingly, in hlh-4; lin-11 double null mutants, the partially penetrant loss of eat-4/VGLUT
expression observed in hlh-4 single mutants was not enhanced but instead completely sup-
pressed (Fig 7D). The same effect is observed on the flp-4 gene. Its completely penetrant loss
in hlh-4mutants is suppressed in hlh-4; lin-11 double mutants (Fig 7D).
The reinstatement of eat-4/VGLUT fosmid expression even in the absence of hlh-4 is mir-
rored by a mutation in the cis-Regulatory control region of eat-4/VGLUT. The 1.2-kb upstream
region of eat-4/VGLUT, which contains an hlh-4 binding site but is not expressed in ADL,
becomes expressed in ADL upon deletion of a predicted homeodomain binding site, a poten-
tial recognition motif for LIN-11 (Fig 7A). This result suggests that eat-4/VGLUT expression is
controlled via a collaboration of hlh-4 with an as yet unknown transcription factor X whose
activating effect is normally antagonized by LIN-11. If all activators (hlh-4 and X) are present,
lin-11 cannot prevent activation of eat-4/VGLUT (eat-4prom6-1delta12); hence, eat-4/VGLUT
is expressed in ADL. If, however, the system is partially destabilized by hlh-4 removal (or by
removal of the E-box sequence in the reporter construct), lin-11 can counteract the ability of
factor X to activate eat-4/VGLUT expression (eat-4prom2delta 12) (as assessed by the restora-
tion of eat-4 expression upon removal of lin-11). The effect of lin-11 on ADL-expressed genes
is, however, clearly target gene dependent. While in the case of one target gene, eat-4/VGLUT,
lin-11 appears to antagonize hlh-4 function, it may positively cooperate with hlh-4 on those
other target genes whose expression is either completely or partially lost in hlh-4 and/or lin-11
mutants. We conclude that hlh-4 is a central regulator of ADL identity that may interact in a
target gene–dependent manner with distinct collaborating factors.
Discussion
The identification of proneural genes that act very early in neuronal development to allocate
neuroblast identity to distinct neuronal lineages via classic genetic loss of function analysis
in Drosophila represents one of the classic landmark achievements of developmental
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Fig 7. lin-11 also contributes to ADL differentiation. (A) Analysis of the cis-Regulatory control region of the eat-4 locus. The precise nature of the deletion of the
motifs is shown in the Materials and methods section. Scoring of expression of two lines is shown in the right panel. It was previously published that an integrant of
the transgene eat-4prom2 was expressed in ADL (otIs376) [51]. We have since analyzed multiple extrachromosomal lines of eat-4prom2 (seven lines all showing
similar expression; quantification of two lines is shown here) as well as two lines of eat-4prom1 (a slightly larger construct; not shown) and found none of these lines
to display expression in ADL. The previously reported expression of these transgenes in ADL was likely an array artifact that affected the repressive effect of the
homeodomain binding sites described here. (B) lin-11 fosmid reporter expression is not affected in hlh-4 null mutants. (C) ADL-mediated chemosensory behavior
toward C9 ascaroside. Statistical significances shown were calculated with the one-way ANOVADunnett’s test. (D) Effect of lin-11 null mutants on terminal ADL
markers, alone or in combination with hlh-4 null mutants. The previously reported partial effect of lin-11 on the brightness of expression of an eat-4 fosmid
(otIs388) [51] could not be repeated with this or other eat-4 reporter transgenes. The data from hlh-4 and N2 are repeated (from Figs 3A, 4) in the graph for ease of
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neurogenetics [2,3]. The subsequent cloning of vertebrate AS-C and Atonal homologs has
revealed the deep conservation of this fundamental neural patterning mechanism [1,6–8]. We
have described here a novel functional property of an AS-C gene, demonstrating that C. ele-
gans hlh-4 joins the rank of terminal selector-type transcription factors that act in postmitotic
neuron classes to initiate and maintain the differentiated state of a specific, postmitotic neuron
class. hlh-4 displays all the hallmarks of a terminal selector [62,63]: it is required for initiation
of the terminal differentiation program of the ADL neuron pair, it is continually expressed
throughout the life of the neuron (suggesting that it also maintains neuronal identity), this
continuous expression is mediated by direct autoregulation via HLH-2/HLH-4 binding sites
in the hlh-2 and hlh-4 loci, and, most importantly, hlh-4 controls the vast majority of neuron
class–specific genes whose combinatorial coexpression defines ADL identity, yet it does not
control generic neuronal features (panneuronal and pansensory features). Hence, exactly like
other terminal selectors [62,63], hlh-4 separates the adoption of neuron type–specific features
(hlh-4-dependent) from the acquisition of an overall, panneuronal/pansensory identity (hlh-4-
independent) (Fig 8A). It is important to precisely appreciate this fundamental dichotomy in
neuronal gene expression programs, repeatedly observed in many different neuron classes and
corroborated here by the hlh-4mutant phenotype: as schematized in Fig 8A, genes that are
expressed in specific subsets of neuron classes are terminal selector dependent, while genes
that are expressed in a non-neuron-class–specific manner are regulated by independent means
[60].
The terminal selector function of hlh-4 is likely exerted in collaboration with the canonical
AS-C cofactor, hlh-2/Da, which shares with hlh-4 the unusual feature of postmitotic expression
throughout the life of the ADL neuron class. hlh-2 is also continuously expressed in a small
number of additional neuron classes, but its function in these neurons remains unknown. In
yeast one-hybrid assays, HLH-4/HLH-2 has been shown to bind to the CACCTG sequence
that we describe here [30]. While the HLH-4/HLH2 complex and its cognate binding site is
essential—and at least in some context also sufficient—for gene expression in ADL, it is
unlikely to act on its own. With its 6-bp length, the recognition element of the HLH-4/HLH-2
heterodimer occurs too frequently in the genome to direct HLH-2/HLH-4 exclusively to ADL-
expressed genes. We find that the LIM homeobox gene lin-11 assists hlh-4 in the regulation of
some but not all hlh-4-dependent target genes. As no DNA cis-Regulatory motif was found to
be significantly enriched in ADL-expressed genes by our bioinformatic analysis in addition to
the E-box, we propose that hlh-4 is a central core inducer of all ADL-specific genes but may be
assisted in its function, i.e., provided the proper specificity, by interaction with a suite of dis-
tinct, target gene–dependent collaborating factors, such as lin-11 and perhaps other, as yet to
be discovered factors (Fig 8B).
Previous work on AS-C genes in worms has revealed that the AS-C-type hlh-14 gene acts as
a conventional proneural gene during early embryonic patterning to specify the neuronal
identity of an AB-blastomere-derived lineage branch that produces several sensory neurons,
including ADL [12]. In the absence of hlh-14, cells in this lineage branch convert to a hypoder-
mal identity [12] (Fig 8C). Hence, the ADL neuron depends on the successive activity of two
distinct AS-C-type genes, one acting as a conventional proneural gene (hlh-14), followed by
hlh-4, which acts in a subbranch of this lineage, to specify terminal ADL identity (Fig 8C).
Whether hlh-14 directly activates hlh-4 expression is presently unclear. Notably, though, the
comparison. (E) ADL neurons of lin-11; hlh-4mutants fail to dye fill but are still generated as assessed by expression of pansensory marker. For ease of comparison
the data from hlh-4 and N2 are repeated (from Fig 2B) in the graph. Numerical values that underlie the graph shown in this figure are shown in S1 Data.
https://doi.org/10.1371/journal.pbio.2004979.g007
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Fig 8. Schematized hlh-4 functions. (A)Overall logic of hlh-4/terminal selector function. “0” indicates gene/feature not expressed;
“1” indicates expressed (this binary scheme is a simplification). Like other terminal selectors, hlh-4 genetically separates the adoption
of neuron-specific features, i.e., genes expressed in specific parts of the nervous system from the adoption of a panneuronal identity.
Rather than being defined by genes uniquely expressed in ADL, ADL identity is uniquely defined by a combinatorial signature of
genes expressed in multiple neuron types. If those genes show selective expression in other neuron types, they are terminal selector
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E-box motif in the hlh-4 locus that is required for maintaining hlh-4 expression is not required
for initiation of hlh-4 expression in the embryo.
Even though a proneural function of AS-C-type genes is clearly a deeply conserved function
of bHLH genes, our findings prompt the intriguing question as to whether a function of
bHLH genes in directly controlling the differentiated state of a neuron may have been an even
more ancestral function of AS-C-type bHLH genes. In support of such notion, the AS-C ortho-
log in the cnidarian Hydra magnipapillata, Cnash, was previously reported to not be expressed
in neuronal precursors but rather in differentiating and mature neurons, leading the authors
of that report to postulate a role of hydra Cnash in initiating and maintaining the neuronal
phenotype [64], exactly as we propose here for C. elegans hlh-4. Loss of function studies of the
AS-C orthology NvashA of the sea anemone Nematostella vectensis cannot distinguish between
a proneural versus terminal differentiation role [65].
Subsequent to such terminal differentiation role, an “ur-” bHLHmay then have become co-
opted into more upstream regulatory events in proliferating blast cells. A somewhat similar
trajectory has been proposed for the Pax6/Eyeless gene, originating with a function in regulat-
ing lens protein to subsequent recruitment to earlier steps of eye development [66]. Of course,
it is also conceivable that the terminal selector function of hlh-4may be a derived feature, one
that perhaps came into existence via the acquisition of an E-box motif in the hlh-4 locus that
lead to hlh-4 expression being “locked” into a terminal and continuous function. More detailed
expression pattern analysis of AS-C and Ato-like genes in the adult nervous system of other
species will provide hints whether hlh-4-like, terminal selector functions may also be carried
by AS-C/Atonal genes in other organisms. In fact, such function may be conceivable in an
already previously reported case. Drosophila Atonal is expressed in mature dorsal cluster neu-
rons in the dorsolateral CNS of the flies [67]. In these neurons, Ato has no proneural function
but instead serves to control arborization patterns. However, whether Ato has an impact as
broad as hlh-4 on controlling the differentiated state of these neurons is not yet known.
C. elegans sox-2/SoxB1 is another gene whose orthologs in other organisms (SoxB factors)
act in early neuronal patterning [68] but that has become employed as a terminal selector in C.
elegans [69,70]. Here again, the question is whether such late role is a reflection of an ancestral
or derived function of this gene. It is important to keep in mind that the existence of such late
functions (in addition to the well-characterized early functions) may have very easily escaped
detection in other organisms, because straight knockout approaches will only reveal the early
function of a gene in the lineage. Only if an early function is not existent, as apparently is the
case for sox-2 and hlh-4, will a late function be revealed with relative ease using standard
genetic loss of function, i.e., straight knockout approaches (this paper) [69,70].
Defining hlh-4 as a terminal selector of ADL identity sheds additional mechanistic context
on previous studies about the feeding state–dependent regulation of a sensory-type GPCR
gene, srh-234, in the ADL neuron [35,71]. Focusing on this specific gene, the authors found
that the MEF-2 transcription factor, a well-known mediator of neuron activity–dependent
processes in many different organisms [72], down-regulates hlh-4-dependent srh-234 expres-
sion under starvation conditions. This effect is mediated via a MEF-2 binding site in the srh-
dependent. (B)While a HLH-4/HLH-2 complex appears to be a central regulator of ADL identity genes, it operates with distinct
cofactor(s) in a target gene–dependent manner. This is inferred from the notion that lin-11 acts in parallel to HLH-4/2 to contribute
to the activation of some but not other target genes. (C) Sequential activities of AS-C-type bHLH genes in a sensory neuron–
producing lineage. Lineage diagrams and hlh-14 data taken from [12]. Note the difference between early hlh-14 and late hlh-4
function. Transiently expressed hlh-14 controls the decision of neuroblast versus ectodermal (hypodermis/skin) while hlh-4 controls
which type of neuronal identity ADL will adopt, through regulation of the ADL-specific molecular signature shown schematically in
panel B. AS-C, Achaete-Scute complex; bHLH, basic helix-loop-helix; Da, Daughterless.
https://doi.org/10.1371/journal.pbio.2004979.g008
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234 locus that is located next to the HLH-4/HLH-2 binding E-box [35]. Together with our
description of a broad role of hlh-4 in controlling the differentiated state of ADL, an intersec-
tional strategy of a “genetically hardwired” identity factor with a condition-dependent factor
becomes apparent. Such an intersectional strategy could perhaps be a general strategy to
explain the cellular specificity of broadly acting signals that convey environmental or physio-
logical information.
One of the remarkable features of the chemosensory system of C. elegans is the coexpres-
sion of multiple sensory receptors of the GPCR family in individual neuron types [44–46].
Even though the expression of only about one fifth of C. elegans chemosensory-type GPCRs
has been examined so far [46], there are several chemosensory neurons that coexpress several
dozens of GPCRs. This tremendous extent of coexpression only applies to a select set of che-
mosensory neurons, with the most prominent set being the nociceptive ADL, ASH, PHA,
and PHB neurons [46]. One could have imagined several scenarios by which such coexpres-
sion is controlled. A previous bioinformatic analysis already strongly hinted toward coregu-
lation of coexpressed GPCRs via a common cis-Regulatory motif [45]. However, it is only
through the present analysis that we can conclude that a single trans-acting factor instructs,
apparently via direct binding to a cis-Regulatory element shared by most if not all coex-
pressed GPCRs, the enormously broad spectrum of chemosensory capacities of one of these
nociceptive neurons, ADL.
Supporting information
S1 Fig. Cellular expression of drivers used for hlh-4misexpression. (A) Expression of arrd-4
promoter in all ciliated sensory neurons. (B) Expression of a 568-bp fragment upstream of the
unc-3 coding region fused to rfp, kindly provided by John Kerk. Expression is observed in cho-
linergic ventral cord motor neurons and presently unidentified head neurons. Whether these
neurons reflect the endogenous sites of unc-3 expression has not been determined but is irrele-
vant for the purpose of hlh-4misexpression.
(TIF)
S1 Table. ADL expressed genes. Listed are all known ADL expressed genes (as per Worm-
base) except genes that are either not clear terminal markers (TFs and RNP) or not neuron-
type specific (pan-ciliary genes); such genes were part of the FIRE analysis but are not shown
here. Bold: training dataset for original FIRE analysis. Green, non-bold: known to be expressed
in ADL but not included in the training set for FIRE analysis. Blue, non-bold: gfp fusions gen-
erated in this paper. Green shade: conserved in all species that have orthologs; red shade: no
motif in ortholog. The E-box motifs of srh-132, srh-186, sri-51, srh-220, sro-1, hlh-2, nlp-7, nlp-
10, osm-9, gpa-1, cam-1, and tax-6 sites were also bioinformatically identified in [45]. FIRE,
Finding Informative Regulatory Elements; RNP, RNA binding protein; TF, transcription fac-
tor.
(XLSX)
S2 Table. Top 1,000 hits from TargetOrtho search with HLH-2/HLH-4 E-box motif.
(XLSX)
S3 Table. Strain list.
(XLSX)
S1 Data. Numerical values for graphs. These datasets provide the numerical values for the
graphs shown in Fig 2, Fig 3, Fig 4 and Fig 7.
(XLSX)
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CHAPTER 4: IMPROVEMENTS TO TARGETORTHO 
 
INTRODUCTION 
4.1. TargetOrtho 2.0 update overview 
In the later part of my PhD, I sought to upgrade TargetOrtho for several reasons. With over 100 
users registered on our TargetOrtho web-server and with many users in my own lab, I sought to create a 
portable and more efficient version of TargetOrtho for future use. The latest version, TargetOrtho 2.0 is 
publicly available for download on OS X with a graphical user interface (Figure 4.1) and Linux platforms 
(command line version) has updated genomes and genome annotations for each species (as of August 
2018), updated ortholog assignments, additional nematode genomes outside of the Elegans supergroup 
including species from Clade III including Pristionchus and Ascarus genomes. The decision to include 
Pristionchus stems from the use of P. pacificus as a recent model for comparative and evolutionary 
biology (Sommer, R 2015) while the addition of Ascarus allows for the inclusion of a nematode with 
further phylogenetic separation from the Clade V nematodes and allows inferences to be made about 
gains or losses of transcription factor (TF) binding sites more specifically in in Pristionchus species 
(Figure 4.2).  The software runs up to 50 times faster than the original version due to more memory 
efficient programming and outputs results in a more intuitive gene by gene basis where candidate TF 
target genes are ranked using a classifier trained on experimentally validated target gene data.  
 






Figure 4.2. Species included in TargetOrtho 2.0. Genome versions from top to bottom: 
PRJNA10731, PRJNA53967, PRJNA20035, PRJNA13758, PRJNA12591, PRJNA12644, PRJEB6009, 
PRJEB4950. Branch arrangement from Kiontke et al 2011. 
 
RESULTS 
4.2. TargetOrtho 2.0 pipeline overview and comparison to original version. 
Scanning genomes for motif matches. Using the consensus binding site for a given TF in the 
form of a position specific scoring matrix (PSSM) as input, TargetOrtho uses the FIMO motif scanner from 
the MEME suite (Grant et al. 2011, Bailey et al. 2015) to find individual motif occurrences (FIMO) in 8 
nematode species’ genomes (Figure 4.1). See Figure 4.1 for updated genome versions.  
The Pristionchus and Ascarus species are new to TargetOrtho 2.0 allowing for extended conservation 
analysis. Each motif match is assigned to adjacent protein coding genes (Figure 4.2) using the genome 
coordinate of the motif match with BEDOPS software’s closest-feature function (Neph et al. 2012).  
Once each motif match is associated with adjacent protein coding genes, each gene’s motif features are 
computed. These features include, motif match count in upstream and intronic regions (including the full  
Figure 4.3. Diagram of a generic protein coding gene with motif matches in upstream and intronic 
regions. Yellow boxes: motif matches, green boxes: exons, green lines: introns, black lines intergenic 
region. Motif logo: COE motif from the UNC-3 TF. TargetOrtho uses the FIMO motif scanner to find 
genome-wide motif matches in 8 nematode species. Motif matches in upstream intergenic and intronic 
gene regions are used to predict candidate target genes using motif count, log-odds PWM score, and 






intergenic region and all introns within the coding gene coordinates) and PSSM score (log-odds score,  
see Glenwinkel et al 2014 for details) in upstream and intronic regions which reflect the probable TF 
binding affinity to the motif match sequence. On a gene by gene basis, the best PSSM score as well as 
the averaged PSSM score across upstream and intronic regions are computed. This process is done in 
parallel for the 8 species genomes included in TargetOrtho 2.0. Key differences in the TargetOrtho 2.0 
pipeline include the use of BEDOPS for motif match gene associations and fewer motif match features 
computed. Combinatorial features across species such as averaged species upstream motif match PSSM 
score and other averaged species scores are excluded compared to the original TargetOrtho (Table 4.1). 
The decision to exclude averaged species features was made based on modeling of TF target gene data 
from experimentally validated data (described ahead). 
Conservation score calculation. Next, for each gene in the reference genome (C. elegans or P. 
pacificus), an upstream and intron conservation score is computed. Conservation scores are calculated 
the same way as the original TargetOrtho pipeline but with 3 additional species’ orthologs accounted for. 
Each gene is matched to its ortholog(s) in the other 7 species, then the number of species with at least 
one motif match in the region of interest (upstream or intron) is used as the conservation score. For 
example if the C. elegans unc-17 gene has COE motif matches in its upstream intergenic region, and the 
unc-17 orthologs in 7 other species also have at least one COE motif match in their upstream intergenic 
region (regardless of position and number of matches), the upstream conservation score is 8. If the C. 
elegans unc-17 gene has at least one COE motif match in any intron, and 4 other species also have a 
motif match, the intron conservation scores would be 5. Conservation scores range from 0 to 8. This 
method of conservation scoring is alignment independent allowing for the natural positional adjustments 
expected over evolutionary time (see Glenwinkel et al 2014 for more detail on alignment independent 
conservation). The most recent ortholog assignments were downloaded from Wormbase Parasite’s 
BioMart tool: https://parasite.wormbase.org/biomart/.  
Prediction and ranking of candidate TF target genes. TargetOrtho 2.0 takes a different 
approach to ranking candidate TF target genes. While the original version took features for each motif 





average of the normalized features to generate a final cumulative score per binding site (See Glenwinkel 
et al 2014 for details of cumulative site score calculation), TargetOrtho 2.0 computes features on a gene 
by gene basis using only the features described in Table 4.1.  Each gene’s motif match features are 
normalized between 0 and 1, then ranked by a Gaussian process classifier (GPC) trained on 
experimentally validated TF target gene motif match feature combined data from the COE (unc-3 TF), AIY 
(ceh-10/ttx-3 TF), and ASE (che-1 TF)  motifs. Justification for this particular classifier and training dataset 
are described ahead. The GPC outputs probabilities that each candidate gene with motif matches is 
either a TF target gene or not. Candidate target genes are then rank ordered by classifier probability so 
that candidates that ‘look’ most like known TF target genes are ranked the best.  
Table 4.1 motif match features used for classification and ranking of candidate target genes. 
Predictive features for target gene prediction from motif match data were selected using recursive feature 




Output from TargetOrtho 2.0. Upon completion, TargetOrtho 2.0 outputs a spreadsheet with 
data for each candidate TF target gene in the reference genome (C. elegans or P. pacificus)  as well as 
individual motif match data per species (Table 4.2). The ranked genes summary file shows the overall 
rank order of each candidate TF target gene as well as its classifier probability (adjusted to range from -1 
to +1 where a values > 0 indicate the probabilities of genes classified as more likely to be true TF target 
genes and values < 0 indicate the probability (multiplied by -1) that a gene is NOT a true TF target gene. 
For example a gene with a classifier probability of .99 looks like a true TF target gene with 99% 
Feature description Feature selected for classifier  
upstream motif match count number of motif matches upstream yes 
intron motif match count number of motif matches in introns yes 
upstream conservation 
number of species with at least one upstream motif 
match yes 
intron conservation 
number of species with at least one intronic motif 
match yes 
best upstream motif match PSSM score log odds score from position specific scoring matrix yes 
average upstream motif match PSSM 
score log odds score from position specific scoring matrix yes 
best intronic motif match PSSM score log odds score from position specific scoring matrix yes 
average intronic motif match PSSM score log odds score from position specific scoring matrix yes 





probability and a gene with a classifier probability of -.55 looks more like random genes in the training 
data set with a 55% probability. The larger the absolute value of the classifier probability the more 
confidence one can have in the prediction as a TF target gene or not.  After finding highly probably 
candidate target genes, to see detailed information about each motif match in the upstream in intronic 
regions of that gene, one would view the individual species motif match output files. 
Table 4.2. TargetOrtho 2.0 output file summary. 
 
Classification of TF target genes with supervised learning. I found that the GPC classifier 
trained with the 8 motif match features described in the next section with the combined ASE/AIY/COE 
motif dataset resulted in the best outcome for prediction of known target genes with 80% recall of true 
positive target gene identification (Table 4.3 and Table 4.4).  Results from individual and combined 
modEncode motifs resulted in 43% to 68% recall of true positive target gene identification individually 
whereas the 11 combined modEncode motifs results in just 53% recall of true positives.  
category output file description 
summary of TF target 
gene predictions C. elegans_ranked_genes_summary.csv 
Statistics for each candidate target gene in the 
reference genome 
motif match data per 
species 
c_elegans_genome_motif_match_results.csv 











raw output from FIMO motif scanner (genome 












Table 4.3. Best performing classifier for identifying and ranking target genes in TargetOrtho 
results by motif set. GPC: Gaussian process classifier. The GPC was the best performing classifier 
among 13 classifiers tested. Dataset size reflect 50% predicted or experimentally determined protein 
coding target genes and 50% random protein coding genes. Rank sums test z score reflects the 
significance of the difference between rank order of random genes compared to target genes. The 
proportion of target genes in the dataset reflects the number of previously characterized or predicted 
target genes found in the TargetOrtho dataset. Remaining target genes had no motif matches  at the 
default FIMO motif scanner p value threshold of 1e-4 and so were not ranked by TargetOrtho. Combined 
data from the ASE, COE, and AIY motifs resulted in the highest recall of correctly predicted target genes 
(true positives) and the most significant difference in rank order of target genes versus random genes.  










COE/ASE/AIY combined direct (Hobert lab) GPC 0.8 0.85 -6.05 200 0.92 
AIY direct (Hobert lab) GPC 0.75 0.92 -3.56 52 0.93 
COE direct (Hobert lab) GPC 0.73 0.82 -4.07 110 0.9 
ASE direct (Hobert lab) GPC 0.73 0.93 -3.08 38 0.95 
M0488_1.02 predicted (Cheng et al. 2011) GPC 0.68 0.61 -1.3 100 0.12 
M2339_1.02 predicted (Cheng et al. 2011) GPC 0.63 0.68 -2.54 136 0.19 
M4713_1.02 predicted (Cheng et al. 2011) GPC 0.59 0.6 -1.18 98 0.23 
M4719_1.02 predicted (Cheng et al. 2011) GPC 0.56 0.65 -2.01 116 0.19 
M4709_1.02 predicted (Cheng et al. 2011) GPC 0.55 0.82 -3.94 104 0.24 
M4717_1.02 predicted (Cheng et al. 2011) GPC 0.53 0.52 -0.39 212 0.31 
modEncode motifs 
combined predicted (Cheng et al. 2011) GPC 0.53 0.66 -7.17 1290 0.22 
M0343_1.02 predicted (Cheng et al. 2011) GPC 0.52 0.77 -1.72 30 0.23 
M2335_1.02 predicted (Cheng et al. 2011) GPC 0.5 0.62 -1.5 104 0.18 
M2334_1.02 predicted (Cheng et al. 2011) GPC 0.5 0.63 -3.22 404 0.38 
M0168_1.02 predicted (Cheng et al. 2011) GPC 0.44 0.7 -1.11 24 0.12 
M2337_1.02 predicted (Cheng et al. 2011) GPC 0.43 0.64 -2.33 178 0.16 
ADL direct (Hobert lab) GPC 0.39 0.67 -1.25 40 0.87 
        
 
Table 4.4. Training a model for target gene prediction and ranking with 13 difference classifiers 
using the combined COE/ASE/AIY motif data. The GPC classifier performed the best overall with a 
more significant difference in the ranking of target genes versus random genes and had a comparable 
recall to the SGD classifier. -log10(p value) and z score: results from the rank sums test of target gene 
rank order compared to random gene rank order among TargetOrtho results. Dataset size: half previously 
characterized target genes and half random protein coding genes. Classifiers: GPC (Gaussian process 
classifier), SGD: (stochastic gradient descent), LR (logistic regression), RFC (random forest classifier), 
QDA (quadratic discriminant analysis), GBC (gradient boosting classifier), MLP (multi-layer perceptron), 
SVM (support vector machine), KNN (K-nearest neighbors), DTC (decision tree classifier), LDA (linear 



















motifs GPC 0.8 0.78 0.85 8.86 -6.05 200 
COE/ASE/AIY 
motifs SGD 0.83 0.72 0.8 6.81 -5.12 200 
COE/ASE/AIY 
motifs LR 0.78 0.78 0.84 8.49 -5.91 200 
COE/ASE/AIY 
motifs RFC 0.77 0.77 0.83 7.84 -5.65 200 
COE/ASE/AIY 
motifs QDA 0.77 0.61 0.63 1.7 -2.22 200 
COE/ASE/AIY 
motifs GBC 0.75 0.75 0.81 6.93 -5.27 200 
COE/ASE/AIY 
motifs MLP 0.75 0.73 0.77 5.75 -4.74 200 
COE/ASE/AIY 
motifs SVM 0.74 0.77 0.84 8.39 -5.87 200 
COE/ASE/AIY 
motifs KNN 0.73 0.73 0.79 6.16 -4.95 200 
COE/ASE/AIY 
motifs DTC 0.72 0.72 0.71 3.53 -3.56 200 
COE/ASE/AIY 
motifs LDA 0.64 0.71 0.73 4.2 -3.92 200 
COE/ASE/AIY 
motifs VC 0.61 0.73 0.83 8.08 -5.75 200 
COE/ASE/AIY 
motifs NB 0.44 0.66 0.8 3.31 -3.44 200 
 
METHODS 
4.3 Modeling experimental data for the classification of TF target genes 
Choosing TF target gene training data. Given that we have extensive experimentally validated 
TF target gene data sets for 4 terminal selector transcription factors (unc-3, che-1, ttx-3/ceh-10 cofactor, 
hlh-4) and the availability of public modENcode ChIP-seq data for 23 C. elegans TFs (Gerstein et al. 
2010), I reasoned that training a classifier with this data should enable more precise prediction of novel 
TF target genes using TargetOrtho motif match features per gene.  To build a robust dataset, I chose to 
build a training set from motif data with more than 20 experimentally validated target genes. Target genes 
from modEncode motifs were selected from analysis done by Cheng et al. 2011 using a q value cutoff of 
.01 and only including protein coding target gene predictions. The 4 terminal selector motifs mentioned 
above as well as 11 modEncode motifs met the criteria of having at least 20 predicted target genes. 
Motifs from the modEncode data were downloaded from the CIS-BP database (Weirauch et al. 2014). 





Selecting and testing TF target gene training data. For each motif, TargetOrtho was run with 
default setting (FIMO p value threshold set to 1e-4, full intergenic distances searched for motif matches), 
using C. elegans as the reference genome. Motif match features were normalized between 0 and 1 for 
each gene having an upstream intergenic or intronic motif match (See Table 4.1 for a list of features 
used). Motif match features for each known target gene along with an equal number of random protein 
coding genes with data in the TargetOrtho results comprised the training data set. This dataset with an 
equal number of target genes and random genes was then shuffled and split in half 10 times for 10-fold 
cross validation (half the data was used to train a classifier, then other half was used to test the classifier 
ability to correctly identify known target genes versus random genes). This 10-fold cross validation was 
performed 10 separate times with different sets of random protein coding genes drawn from the 
TargetOrtho data set. For example, the COE motif (binding site for the UNC-3 TF) was run through 
TargetOrtho, then the 55 verified target genes’ motif match data plus 55 random genes’ motif match data 
was extracted from TargetOrtho results (available in ranked gene summary output file), these 110 genes’ 
data were then shuffled and split into 2 datasets ,one for training and one for testing. This shuffling and 
split process is repeated 10 times then a different set of 55 random genes are drawn to build a new 
dataset of 110 genes (same 55 known target genes) for a final tally of 100 tests. The outcome of each 
prediction is recorded then reported as the median recall, accuracy, and area under the receiver 
operating curve (TPR vs FNR). For each cross validation set, the rank order of known target genes is 
compared to random genes in the test dataset  using the rank sums test (where the rank order is based 
on classifier prediction probabilities) using the rank sums test. A single median p value and z score from 
this test is reported for the 100 cross-validations per motif.  
Using 10 fold cross validation on validation data sets built from 10 different random gene sets 
(100 total tests), I compared 13 different classifiers among the 15 motifs (Table 4.3). To investigate a 
more generalized classifier, I also combined motif match data from multiple motifs into one training set. 
The COE/ASE/AIY motifs datasets were combined into one training set as well as the 11 modEncode 
ChIP derived motif data. For example, motif match feature data from separate TargetOrtho runs for ASE, 
AIY, and COE motifs were compiled into one set with motif match features from unc-3, che-1 and ttx-





each TF. This combined training set resulted in data from 100 total target genes and 100 total random 
genes. 
Feature selection. To find the most informative motif match feature sets, I used recursive feature 
elimination with the same cross validation scheme described above (10x10 tests). Classifiers using all 
features listed in Table 4.1 performed just as well as classifiers using all but the motif position and 
averaged species data for a final total of 8 training features (upstream motif match count, intron motif 
match count, upstream conservation, intron conservation, best upstream motif match PSSM score, 
average upstream motif match PSSM score, best intronic motif match PSSM score, average intronic motif 
match PSSM score).  
 
DISCUSSION  
The poor performance of the modEncode motif trained classifiers may be explained by the fact 
that a comparably small proportion of the predicted target genes from Cheng et al 2011 were present in 
the TargetOrtho data (>90% of known target genes were present for AIY, ASE, and COE motif data 
whereas modEncode motif TargetOrtho data had just 12% to 38% of predicted target genes present).  
This suggests that the default p value threshold used for the FIMO motif scanner may have been too 
stringent to pick up motif matches in the remaining predicted target genes or this may reflect the method 
used to predict target genes (Cheng et al 2011). This is an important point to consider as many 
transcription factor binding sites, especially low affinity binding sites responsible for regulation for 
adjacent effector genes may not be picked up. The weighted sum of TF binding signals over all positions 
on each gene in the genome was used to assign regulatory scores for promoters potentially bound by the 
TF. This suggests that motif match count and PSSM score per promoter increase the probably of 
predicting a region as a regulatory target, but it specifically excludes conservation information, a feature 
we know is key to predicting known TF target genes (Glenwinkel et al. 2014).   Because this method does 
not take into account conservation of binding signals many false positive targets may be included arising 
from background TF binding to random genome regions. Another possibility is that these motifs do not 
represent master regulatory TFs like UNC-3, CHE-1 and TTX-3/CEH-10 so that their regulation of target 





extensively validated, we chose to rely on the COE/ASE/AIY motif data that not only has experimentally 
validated target genes but whose motif match features are predictive of real target genes using the GPC 
classifier with cross validation.  
One consideration that TargetOrtho currently does not take into account is the phylogenetic 
distance between orthologous regions when assigning motif match conservation scores to genetic loci. 
An algorithm that accounts for the divergence of orthologous regions in the form of weighted conservation 
scores could result in more accurate prediction of functional binding sites. This strategy remains to be 
tested. For example, a simple examination of weighted conservation scoring in experimentally validated 
target genes may result in more precise modeling of binding site feature data for target gene 
identification. Another factor to consider in a transcription factor target gene classifier is  the motif 
detection threshold set by adjustment of the motif scanner p value. Further analysis with less stringent p 
value thresholding may result a more accurate model if low affinity binding sites account are more 
frequent in real transcription factor target genes as examined in the experimentally validated set. While 
the current model is robust with 80 percent true positive classification of target genes, adjustments to the 
conservation scoring system and motif scanner p value threshold may result in better performance of the 
described supervised learning approach.  
 
AVAILABILITY 
Links for TargetOrtho 2.0 web server and download are available at www.hobertlab.org/TargetOrtho 
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5.1 Neuron cell type classification in C. elegans.  
More than 30 years ago, the first complete connectome was constructed in the nematode C. 
elegans by John White and colleagues in the lab of Sydney Brenner using electron microscopy (White et 
al. 1986, Albertson et al. 1976). To this day, it is the only complete connectome of any nervous system 
with all 302 neurons in the adult hermaphrodite’s interconnections carefully catalogued. This work 
resulted in the anatomical classification of the C. elegans nervous system into 118 distinct neuron types 
or classes. These 118 classes were categorized based on the unique morphologies, interconnections 
with other neurons and muscles, and anatomical positions in the animal. 
A recent major undertaking in the world of neuroscience aims to establish a mammalian 
connectome, an ambitious undertaking given the order of magnitude difference in sheer number of 
neurons in a mammalian brain.  With the advent of new technologies such as single cell RNA-
sequencing, this ideal may not be far off especially given recent evidence that molecular profiles of 
individual neuron’s gene expression programs are tightly correlated with anatomically defined neuron 
classes (Hobert et al. 2016). This realization is corroborated from my recent contribution to a mini review 
published by Oliver Hobert, myself and John White (Hobert et al. 2016).  The C. elegans model system 
has developed into a remarkable resource for this type of study with thousands of available single cell 
genetic reporters contributed by researchers over the past 30 years and is available in a central 
database, www.wormbase.org.  
RESULTS 
5.2 Neuron classes defined anatomically correlate with molecular gene profiles.  
With nearly 1000 reporter gene expression patterns in the C. elegans nervous system, I 
wondered how closely these neuronal molecular profiles would map to the 118 previously defined neuron 
classes. To this end, I performed hierarchical clustering on the gene expression data. While it’s not 
surprising that molecular profiles would correlate with morphologically distinct neuron classes (there was 





visualize and quantity the inter-relatedness of neuron classes and in many cases subclasses is 
informative. For example, the relationship of phasmid neurons (PHA and PHB) or labial sensory neurons 
(OLL and IL classes) and other similarities track well with functional similarities such as the relationship of 
the nociceptive sensory neurons ADL and ASH. Neurons that were placed in different classes based on 
distinct anatomy have very distinct expression profiles and members of the same anatomical class have 
very similar, if not identical, expression profiles Second, members of the same class can often be 
subdivided into subclasses based on molecular, but also anatomical, features.  Specifically, for all but 1 of 
the 10 neuron classes composed of dorsal and ventral members, there are molecular differences 
between the dorsal and ventral cells, supporting their classification into two distinct subtypes (dorsal and 
ventral) (Hobert et al. 2016). The results of this analysis are included in the following publication with my 
specific contributions shown in Figure 2 and Figure S1.  
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We revisit the classification of neuronal cell types in the nervous system of the nematode Caenorhabditis
elegans. Based on anatomy and synaptic connectivity patterns, the 302 neurons of the nervous system of
the hermaphrodite were categorized into 118 neuron classesmore than 30 years ago. Analysis of all presently
available neuronal gene expression patterns reveals a remarkable congruence of anatomical and molecular
classification and further suggests subclassification schemes. Transcription factor expression profiles alone
are sufficient to uniquely classify more than 90% of all neuron classes in the C. elegans nervous system.
Neuron classification in C. elegans may be paradigmatic for neuron classification schemes in vertebrate
nervous systems.
Introduction
Cataloguing cell types within a brain has been a central aim of
neuroscience since the days of Ramon y Cajal. The overall logic
behind such categorization is that the brain can be considered as
a machine and to understand how a machine works, one needs
to catalogue its component parts and their interrelations [1].
Technological advances over the past ten years, mainly in the
fields of microscopy and molecular profiling, have led to an ex-
plosion of interest in defining neuronal types in the vertebrate
brain. Historically, classification schemes that were exclusively
based on morphology were extended by electrophysiological
criteria (e.g., spiking patterns) [1]. More recently, in-depth
profiling of the molecular composition of individual cell types
has provided ample means to classify neurons into distinct types
[2–6]. Moreover, the recent advent of high-throughput electron
microscopy techniques has also led to synaptic connectivity be-
ing considered as amajor criterion for neuron classification in the
vertebrate central nervous system [7]. These recent develop-
ments in neuron classification warrant a revisit of the state of
classification of the 302 neurons of the hermaphrodite nervous
system of the nematode C. elegans (Figure 1A).
An Overview of Anatomy- and Connectivity-Based
Neuron Classification in C. elegans
The electron micrographical reconstruction of the entire
C. elegans nervous system revealed the precise morphology of
all the component neurons, including their synaptic contacts,
thereby providing a rich diversity of features that enabled robust
cell type classifications to bemade [8,9]. Based on their position,
morphology, neurite projection patterns and synaptic connectiv-
ity, the 302 neuronswere classified into 118 distinct classes [8,9].
As shown in Table 1, these 118 neuron classes can be ordered
by the number of members per class, which range from one to
13 members per class. Anatomically defined neuronal classes
can be summarized as follows:
d 26 classes defined by a single, unilateral neuron with
distinctive morphology and connectivity. These neurons
can be found in different ganglia and encompass sensory,
inter- and motorneurons.
d 70 neuron classes each consisting of a bilaterally symmet-
ric pair of neurons, again located in different ganglia and
also encompassing sensory, inter- and motorneurons.
d One class of head motor neuron (SAB), containing 3 mem-
bers whose processes are organized in a radially symmet-
ric manner (see schematic drawing in Table 1).
d 10 distinct classes defined by 4 members which are
organized in a radially symmetric manner. Nine of these
are composed of one pair of sub-dorsally located neu-
rons and one pair of sub-ventrally located neurons (see
schematic drawing in Table 1). One class (RME) is
composed of a lateral pair and a single dorsal and ventral
member.
d Three classes (IL1, IL2, RMD), composed of six members
each, which are also organized in a radially symmetric
manner, but with 3 pairs of neurons each: a sub-dorsal,
lateral and sub-ventral pair (see schematic drawing in
Table 1).
d Lastly, ventral nerve cordmotor neurons fall into 8 anatom-
ically distinct classes (see schematic drawing in Table 1),
with 6 to 13 members each. These neurons are aligned in
a single row along the ventral midline of the worm.
A Gene Expression Atlas of the C. elegans Nervous
System
How does this classic, anatomy-based classification scheme
match with molecular data? The transcriptome of only a subset
of individual neuron types have been relatively exhaustively
profiled (e.g., [10–12]). However, over the past 20 years the
C. elegans community, in the course of a variety of studies, has
assembled an unsurpassed resource in the form of thousands
of reporter transgenes that monitor gene expression with single
cell resolution (see Figure 1B for one example). While these re-
porter genes may not necessarily capture the complete expres-
sion profile of the respective genetic locus, each reporter gene
nevertheless provides a robust read-out of an active promoter





driven by differential transcription factor activity in individual
neuron types. The expression of almost 1,000 reporter genes
that show a neuron-type specific expression profile (i.e., are ex-
pressed in some, but not all cells of the nervous system) has
been described with single cell resolution in the nervous system
and can readily be extracted from www.wormbase.org. (Table
S1 in Supplemental Information, published with this article on-
line). On average, each neuron is associated with the expression
of 32 reporter genes (range: 5 to 141 genes) and each reporter is
expressed on average in 10 of the 302 neurons (range: 1 to 151
neurons). There are very few examples of genes exclusively ex-
pressed in a single neuron class and most of them are either
GPCR-type sensory receptors or neuron-identity-specifying
transcription factors (hlh-4 , che-1 , odr-7 ). Importantly, as ex-
pression patterns are relatively hard to determine in the devel-
oping embryo, this expression dataset is essentially derived
entirely frommatureneurons in the larval or adult nervous system.
A caveat of this expression dataset are potential errors or omis-
sions in cell identification of transgene expression. Nevertheless,
the substantial number of overall data points warrants examina-
tion of the expression data.
Molecular Classification Reveals a Remarkable
Congruence with Connectivity-Based Classification
Unsupervised, hierarchical clustering of all neuronal expression
patterns, as shown in Figure 2 and Figure S1, reveals a number
of intriguing points. First, as they currently stand, the available
molecular profiles strongly support the original anatomical clas-
sification scheme of 118 distinct classes revealed by electronmi-
croscope analysis [8,9]. Neurons that were placed in different
classes based on distinct anatomy have very distinct expression
profiles and members of the same anatomical class have very
similar, if not identical, expression profiles (Figure 2, Figure S1
and Table S1). Moreover, neurons that were placed into distinct
classes based on their anatomical features but noted to be
quite similar (for example, the AQR and PQR neurons, or the
AVM and PVM neurons) are molecularly similar, but nevertheless
do express subtle but notable differences in gene expression.
The complete agreement between molecular and anatomical
Figure 1. The C. elegans nervous system.
(A) Overview of the nervous system of the her-
maphrodite. This image was shared by the
OpenWorm project. (B) An example of a reporter
gene that monitors gene expression in specific
neuron types of the nervous system. In this
example, a reporter for the bnc-1 locus monitors
expression in a subset of ventral nerve cord motor
neurons (VA and VB classes) (Kerk et al., unpub-
lished observations).
classification can be quantified by unbi-
ased support values from bootstrap anal-
ysis as described in the Supplemental
Information.
Second, members of the same class
can often be subdivided into subclasses
based on molecular, but also anatomical,
features. This becomes immediately
evident if one considers that there are
146 distinct expression profiles revealed by cluster analysis
(recall that there are 118 anatomically distinct classes and 302
neurons total). Differences in expression profiles can be
observed within distinct neuron classes based on the dendro-
gram branching patterns shown in color in Figure 2 and
Figure S1. Specifically, for all but 1 of the 10 neuron classes
composed of dorsal and ventral members, there are molecular
differences between the dorsal and ventral cells, supporting their
classification into two distinct subtypes (dorsal and ventral). In at
least four of these cases (CEP, SAA, SIB, SMB), there are also
subtle, but nevertheless clear, synaptic connectivity differences,
corroborating this subclassification (the most recent connectiv-
ity data, collected in www.wormwiring.org was used for this
analysis [13]). For example, the sub-dorsal CEP and sub-ventral
CEP neuron pairs are extensively innervated by the same set of 8
neuron classes, yet only the sub-dorsal CEP neurons are also
innervated by the URB neurons. A similar subclassification is
warranted for the 3 neuron classes composed of 3 pairs, the
sub-dorsal, lateral and sub-ventral pairs of the IL1, IL2 and
RMD neurons. Although very similar in molecular and connectiv-
ity features, members of each class do display molecular and
also some notable connectivity differences, the latter being
particularly evident for the lateral left/right pair versus the sub-
dorsal and sub-ventral pairs. For example, the sub-dorsal,
sub-ventral and lateral IL2 neuron pairs are extensively inner-
vated by more than 5 neuron classes, yet only the lateral pair is
reciprocally connected to the ADE neurons. Moreover, most,
and perhaps all, ventral cord motor neuron classes contain class
members with distinct properties. For example, of the nine DA
class members, DA8 and DA9 are notably distinct based on
molecular features, but also connectivity features. Similarly,
the VA2 to VA10 neurons are molecularly similar, while VA1,
VA11 and VA12 are molecularly distinct in a subtle but
notable manner. VA1 and VA12 indeed also display slight
connectivity differences compared to other VA neurons. The
genetic and anatomical subclassification of VA neurons is also
exemplified by an analysis of unc-4 mutants, in which VA2–
VA10 have altered patterns of connectivity, but VA1, VA11 and
VA12 do not [14].







Table 1. Anatomical classification of the 302 neurons of C. elegans.
Examples Neuron classes * Subclasses **
Unpaired
(single neuron per class)
26 classes (26 neurons): ALA, AQR, AVG,
AVL, AVM, DVA, DVB, DVC, PDA, PDB,
PQR, PVM, PVR, PVT, RID, RIH, RIR, RIS,
I3, I4, I5, I6, M1, M4, M5, MI
None
2-fold symmetry
(Left/right pair per class)
70 classes (140 neurons): AWA, AIA, AIB,
PHA, PHB, RMG and others
2/70 classes (AWC and ASE)
display L/R asymmetric gene
expression & functions
3-fold symmetry
(3 neurons per class)
1 class (3 neurons):
SAB
Two subclasses based on
molecular markers and anatomy
(dorsal SAB vs. ventral SAB pair)
4-fold symmetry
(4 neurons per class:
dorsal left/right pair +
ventral left/right pair)
10 classes (40 neurons): CEP, OLQ, RME,
SAA, SIA, SIB, SMB, SMD, URA, URY
At least 2 subclasses per class:
in each class, dorsal and ventral
pairs display differences (in all
cases molecular differences, in
some cases also synaptic
connectivity)
6-fold symmetry
(6 neurons per class:
dorsal left/right pair +
lateral left/right pair +
ventral left/right pair)
3 classes (18 neurons):
IL1, IL2, RMD
At least 2 subclasses per class
(similar dorsal/ventral pair
versus different lateral left/right
pair, based on molecular and
synaptic connectivity differences)
VNC motor neurons
(each class with 6 to 13
individual, rostrocaudally
aligned members)
8 classes (66 neurons total):




VA (12 neurons) At least 4 subclasses based on
molecules and/or connectivity
VB (11 neurons)
VC (6 neurons) At least 3 subclasses based on
molecules and/or connectivity
VD (13 neurons)




TOTAL: 146 distinct molecular
profiles
Neurons are ordered by number of neurons per class. Individual neuron images are courtesy ofWormatlas.org. Classification is from [8,9]. *Red =motor
neuron, blue = sensory neuron, green = interneuron. **As discussed in the text.




























































































































































































































































































































































































(legend on next page)







Intriguingly, the molecular distinctions between subclass
members are in some cases as strong as the differences
between different classes. In the three most notable cases
(SABD vs. SABVL/VR, RMED/V vs. RMEL/R or VC4/5 vs. other
VC neurons), distinct subclass members have pronounced
anatomical differences in the form of distinct projection patterns.
These observations corroborate how closely even a limited num-
ber of molecular features track with anatomical features.
Lastly, at least 2 of the 70 neuron classes that are composed of
two seemingly bilaterally symmetric neurons can also be sub-
classified. Specifically, the left and right AWC and the left and
right ASE sensory neurons are similar in connectivity and in
most expressed genes, but they each express distinct chemo-
sensory receptors and respond differently to chemosensory
cues [15,16]. Whether other seemingly bilaterally symmetric
neuron pairs also display left/right asymmetric molecular and
functional features is currently not known.
While the above conclusions are already apparent by a visual
inspection of the tabular expression data, the third set of conclu-
sions only becomes apparent by the hierarchical clustering of
gene expression. Specifically, clustering reveals interrelated-
ness of individual neuron classes, a notion that we emphasize
to be preliminary given the nature of the dataset. Some of these
tentative molecular similarities mirror similarities in anatomy and
connectivity, for example the relationship of phasmid neurons
(PHA and PHB) or labial sensory neurons (OLL and IL classes)
(Figure 2) and other similarities track well with functional similar-
ities (e.g., the relationship of the nociceptive sensory neurons
ADL and ASH). At a higher level it is interesting to see clustering
of most pharyngeal neurons, even though support for this cluster
is limited (Figure S1).
Transcription Factor Expression Profiles Predict
Neuronal Classes
The abundance and diversity of the available nervous system-
wide expression data allow specific subsets of genes to be
sought that are sufficient to maintain the overall clustering
pattern. Indeed, we found that the vast majority of neuron clas-
ses (>90%) are uniquely defined by the combinatorial expression
of transcription factor-encoding genes (Table S2). Out of the 118
neuron classes, only 4 have not yet been associated with the
expression of any transcription factor (RIA, RIM, RIF and RMF)
and for three sets of distinct neuron classes the transcription fac-
tor combinations are presently the same (RIP, PLN: ahr-1 + unc-
86; AVF and VA: unc-4 + pag-3; RMG and ADA: unc-86 alone).
Almost all of the transcription factors that define these neuron
class-specific codes are conserved in vertebrates and are
used reiteratively inmultiple different combinations. Even though
only making up !10% of all transcription factors in the genome,
homeodomain-type transcription factors constitute the most
frequently occurring type of neuron class-defining transcription
factors (see quantification in Table S2) [17].
Strikingly, even subclassifications of neuron classes based on
connectivity and molecular profile can, in several cases, be
deduced by distinct transcription factor profiles. For example,
distinct RME motor neuron subclasses express unique tran-
scription factor combinations (Table S2). While further analysis
may reveal other gene families (e.g., ligand-gated ion channels)
to provide similar power for neuron classification, profiling of
transcription factor expression in the adult nervous system ap-
pears to currently provide the most straightforward path for
neuron classification in other, more complex nervous systems.
Implications of Neuron Classification in C. elegans
The combination of anatomical data and molecular data serves
to sharpen the contrast between the often very loosely used
terms ‘neuron class’ (or the often interchangeably used term
‘neuron type’) and ‘neuron subclass’ (or the often interchange-
ably used term ‘subtype’). In C. elegans, it appears most evident
that classes are sets of neurons that share anatomical and mo-
lecular features that set them clearly and unambiguously apart
from other classes, while subclasses show extensive similarity
of expression profiles and synaptic connectivity patterns, yet ex-
press a small number of gene products and a small subset of
synaptic partner choices that are distinct. This view of subclass
diversification makes predictions about the nature of their ge-
netic specification mechanisms. Members of the same class
may be specified by the same regulatory factors (class selector
genes) that define the differentiated properties of members of a
neuron class. Multiple examples of such selector genes have
indeed been identified [17,18]. Subclass-specific regulators
may in turn act to refine (i.e., either selectively promote or
repress) the activity of class selector genes in individual class
members. For example, the two bilaterally symmetric ASE neu-
rons are specified by the che-1 selector while the left and right
subclass (ASEL vs. ASER) are specified by additional regulatory
factors that restrict the activity of che-1 on certain target genes
[16]. Similarly, all four RMEmotor neuron class members require
the nhr-67 transcription factor to be properly specified as
GABAergic motor neurons, but nhr-67 interacts with additional
subclass-specific transcription factors to drive features that
are unique to RME subclasses [19].
C. elegans neuron classificationmakes additional points about
neuronal specification and the genetic mechanisms involved in
these specification events. Most strikingly, although stereo-
typed, lineage has a surprisingly indeterminate impact on neuron
Figure 2. Hierarchical clustering of neurons by reporter expression.
Shown here is a part of the complete molecular clustering diagram shown in Figure S1.
Binary gene expression data are mostly based on reporter gene analysis extracted from Wormbase.org [26]. See supplemental methods for a description of the
clustering analysis methodology. To indicate the distinct lineage history of neurons that cluster molecularly, the first column indicates lineage history, with the
color code explained in the lineage inset (red lines in the lineage inset indicate neuronal cells/lineages). Note that left/right homologs (derived from an early, single
cleavage in the AB lineage along the left/right axis [22]) are labeledwith the same color. The second column indicates neurotransmitter identity (acetylcholine, red;
glutamate, yellow; GABA, blue; aminergic, different shades of green, depending on type of monoamine; orphan, black), the next column indicates neuron types
(sensory neuron, blue; interneuron, grey; motor neuron, orange; pharyngeal neurons, light green) and the last column indicates neuron name. Neuron class
shadings are reiterated grey and white to visualize whether neurons belong to the same class. Branching patterns colored red indicate neuronal classes that can
be further subdivided into subclasses based on molecular features and, in most cases, also synaptic connectivity features (as discussed in the text). Red
numbers, approximately unbiased (AU) support value as percent; green numbers, bootstrap probability (BP) as percent.







class specification (Figure 2 and S1). While similar conclusions
have been reached in the context of specific parts of other inver-
tebrate or vertebrate nervous systems [20,21], the comprehen-
sive lineage analysis of the entire C. elegans nervous system
illustrates this point over and over again throughout all parts of
the nervous system. Specifically, the C. elegans cell lineage
analysis shows that members of the same neuron class can
have very diverse lineage histories (Figure 2 and S1) [22]. The
corollary of this observation is that neurons that share the
same lineage history (i.e., sister cells) almost always belong to
very different neuron classes [22]. The complex interplay of line-
age and anatomical classification is further emphasized by mo-
lecular clustering. The ‘molecular’ tree shown in Figure 2 and
Figure S1 bears essentially no resemblance to the lineage tree,
also shown in Figure 2 (see Table S3 and supplemental methods
for explicit calculation of lack of correlation). How can these ob-
servations be interpreted? It may well be that local inductive in-
teractions may bemore significant than cell lineagemechanisms
in determining neuron class. Alternatively, distinct lineages may
be able to instruct similar cellular identities via shared selector
genes that have the capacity to integrate distinct lineage his-
tories. For example, the six lineally distinct IL1 neurons are all
specified by the sox-2 terminal selector transcription factor
[23], the six lineally distinct RMD neurons are all specified by
the unc-42 terminal selector [24], the terminal selectors ast-1
and ceh-43 specify the lineally distinct CEP neurons [25] and
the terminal selector nhr-67 specifies the four lineally distinct
RME neurons [19]. Perhaps the cis-regulatory control regions
of these terminal selector genes are capable of integrating very
distinct lineal inputs.
Vertebrate nervous systems have many orders of magni-
tudemore neurons thanC. elegans, whichmakes the determina-
tion of neuron connectivity (the connectome) in vertebrates
extremely challenging. Nevertheless, clearly defined classes
have been described by anatomical and physiological studies
in areas such as the cerebellum and retina [1,6]. Although the
exact number of vertebrate neuron classes is unknown, it may
be no more than an order of magnitude different from the 118
classes described in C. elegans. The implication of these com-
parisons is that the vastly increased capabilities of the vertebrate
nervous system compared to that of C. elegans is derived from
the enormous expansion of neuron numbers rather than neuron
classes during evolution.
The recent development of single cell RNA sequencing has
allowed the identification of scores of putative cell transcrip-
tomic classes in distinct parts of the mammalian brain [2–4].
The observation that the C. elegans connectome is congruent
with neuron-specific expression patterns suggests that, by anal-
ogy, neuron classes defined by transcriptomics in vertebrates
will have members which share the same synaptic specificity
and hence connectivity. This opens up the exciting possibility
that predictions can be made in vertebrates of the synaptic con-
nectivity of large ensembles of neurons whose individual identi-
ties have been determined by gene expression profiles.
Conclusions
In conclusion, we have revisited here the neuron classification
scheme of C. elegans in the light of new molecular data. The
mining of available molecular data corroborates anatomical
classification schemes, supports the existence of additional
subclasses, reveals possible layers of relatedness of neuron
classes and points to transcription factor codes as being suc-
cinct ‘classifiers’ of molecular identity. Transcription factor
expression profiles also make predictions about genetic specifi-
cation mechanisms, including neuron subclass diversification.
Lessons learned from C. elegans may help to solve the problem
of neuron classification and specification in more complex ner-
vous systems.
SUPPLEMENTAL INFORMATION
Supplemental Information contains methods, one figure, and three tables and
can be found with this article online at http://dx.doi.org/10.1016/j.cub.2016.
10.027.
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Supplemental Information: Revisiting Neuronal Cell Type Classification in 
Caenorhabditis elegans 
 




Hierarchical clustering of neurons by reporter expression.  
Binary gene expression data from 967 unique reporters representing 9,625 data 
points among 302 neurons is mostly based on reporter gene analysis and was extracted 
from Wormbase.org [S1](Suppl. Table S1).  
Data were clustered using the R pvclust package (https://cran.r-
project.org/web/packages/pvclust/pvclust.pdf) [S2]  using the correlation distance metric 
with average linkage, bootstrap 1000, and relative sample size ranging from a 
proportion of 0.5 to 1.4 of the original sample size. The relative proportion was 
incremented by 0.1 for each bootstrap resampling. Bootstrap Probability value (BP) and 
Approximately Unbiased p-values  (AU) are derived from the multiscale- multistep 
bootstrap resampling. The AU support value that takes into account differing sample 
sizes is especially important given the sparse dataset with some neurons having many 
more data points than others. AU support values > 95 indicate well-supported clusters 
and should be considered when evaluating dendrogram cluster relationships.    
The distance and linkage metrics where chosen by maximizing the cophenetic 
correlation coefficient [S3] for alternative clustering methods.  22 other distance 
methods tested had equivalent cophenetic correlation coefficients whereas only one 
linkage method, average, was optimal (also tested: single, complete, weighted, centroid, 
median, ward). The optimal cophenetic correlation coefficient among tested distance, 
linkage combinations was 0.86.  Neuron class clusters resulting from hierarchical 
clustering were further validated by repeating the clustering analysis using the 
Euclidean and cosine distance methods (identical cophenetic correlation coefficient to 





resulted in complete agreement of neuron class clusters and also completely agree with 
anatomically defined neuron classes.  
Because of the sparse nature of the dataset (complete anatomical expression 
patterns for most reporters are not characterized), missing data was imputed using the 
mean expression value per neuron [S4]. A comparison of clustering results with and 
without data imputation indicates little effect on clustering results with the classical 118 
neuron classes clustering as expected with similar branch support. 
Molecular data fit the previously described 118 neuron classes with strong 
branch support (AU>=98) for all classes with >1 resident neuron showing complete 
agreement between anatomical and molecular classification. 
 
Correlation of cell lineage to neuron class, type, and neurotransmitter identity 
Pearson and Spearman correlation coefficients were calculated between six 
distinct cell lineages (AB.ala/AB.ara, AB.alp/AB.arp, AB.pla/AB.pra, M, C), 118 neuron 
classes , four cell types (sensory, motor, interneuron, pharyngeal), and seven 
neurotransmitter identity groups (ACh, aminergic, GABA, Glu, DA, 5HT, unknown) using 
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Figure'S1.'Complete'clustering'diagram. This is an extended version of Figure'









6.1. Terminal selectors transcription factors and regulation of neuronal identity in Caenorhabditis 
elegans. 
 Individual neuron types are distinguished by the unique combinations of terminal differentiation 
genes they express. Studies done in C. elegans (Etchberger et. al 2007, Wenick & Hobert. 2004, Kratsios 
et al. 2012, Masoudi et al. 2018) have repeatedly demonstrated a simple cis-regulatory logic controlling 
alternative neuronal cell type terminal fates by master regulatory transcription factors (TFs) coined 
“terminal selectors” by Oliver Hobert (Hobert 2008). These terminal selectors exert their regulation via 
direct binding to their cognate terminal selector motifs in the promoters and introns of terminal 
differentiation genes (Figure 6.1, Figure 6.2).  
 
Figure 6.1 Network configuration of terminal selector genes. The terminal gene battery is the set of 
terminal differentiation genes that distinguish neuron classes and are regulated via direct binding of a 









Figure 6.2. Terminal selector regulons. (a) Schematic illustration of terminal identity features that are 
controlled by terminal selector-type transcription factors. These identity features are continuously 
expressed throughout the life of a neuron. (b) Three examples of terminal selector regulons. All genes 
shown here were shown to be direct targets of the indicated terminal selectors (Figure reused from 





Of the 118 classically defined neuron types, referred to as classes in C. elegans (White et al. 
1986), all 118 have unique gene expression profiles congruent with their morphology and connectivity 
based classification (Chapter 5, Hobert, Glenwinkel, White  2016). Using classic genetic tools, terminal 
selectors have been characterized for 74 of these 118 neuron classes but only 23 have unique 
combinations of terminal selectors regulating their terminal identity (Figure 6.3, Table 6.1). This suggests 
that additional contextual information is necessary to confer distinct terminal cell types. This context may 
be a distinct co-factor combination, an upstream regulator, or an extra-cellular mediated signal. 
 
Figure 6.3. Diagram of the C. elegans hermaphrodite nervous system (head, midbody and tail, left 
view). 118 neuron classes labeled. Grey: 45 classes with no known terminal selector; Orange and Red: 
74 classes with terminal selector previously characterized; Red: 23 classes with unique combination of 
terminal selectors  
 
Table 1. Terminal selectors and their target neuron classes. 35 terminal selectors regulate 74 neuron 
classes. Blue text: 8 neuron classes have evidence of direct terminal selector regulation via direct binding 
to DNA of terminal differentiation genes. All other neuron classes only have genetic evidence to support 
regulation by terminal selector for a handful of cases. Motif logos downloaded from CIS-BP database 
(Weirauch et al. 2014). UNC-3, CHE-1, CEH-10/TTX-3 motif from Glenwinkel et al. 2014. HLH-4 motif 
from Masoudi et al. 2018. 
Terminal 
selector 
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6.2. Terminal selector regulation of neuronal identity 
Genetic analysis of terminal selector TFs has revealed the requirement for activation of terminal 
differentiation genes in 74 neuron classes but in most cases only a handful of these terminal 
differentiation genes were tested for dependence on the TF (Hobert 2016). In just four cases, terminal 
selector binding sites have been investigated further in a subset of the neuron class gene batteries they 
regulate. These include UNC-3 binding sites in the terminal gene batteries of ventral nerve cord (VNC)  
motor neurons (VA,VB,DA,DB) and the SAB command interneurons (Kratsios et al 2012, Kratsios et al 
2015), CHE-1 binding sites in the ASE neurons’ gene battery (Etchberger et al. 2007), TTX-3/CEH-10 
cofactor binding site in AIY interneurons’ gene battery (Wenick et al. 2004), and HLH-4 binding sites in 
ADL sensory neurons’ gene battery (Masoudi et al. 2018) (Figure 6.3, Table 1). While evidence of direct 





extends to the entire gene battery is not clear. For example, we don’t know if the set of UNC-3 predicted 
target genes from TargetOrtho (highly ranked genes with conserved COE motif matches) is enriched for 
the gene batteries of VNC motor neurons or SAB neuron classes.  
For the other 31 described terminal selector TFs that have been shown via genetic analysis to 
regulate 66 other neuron classes, whether this regulation occurs directly via terminal selector binding 
sites has not been investigated (Table 1).  
While some neuron classes have fewer than 20 markers (RIR, AVA, RIP, RMF, etc.), others have 
more than 100 (ASI, ASA, AWC, etc. ) (Figure 6.4) with an average of 42 reporter genes per individual 
neuron. I wondered if terminal selector predicted target genes from TargetOrtho 2.0 (Chapter 4) are 
enriched in the gene batteries of the neuron classes they regulate or whether only a few key 
distinguishing terminal differentiation genes are direct regulatory targets.  
Figure 6.4.  Manually curated expression patterns of transgenes throughout the C. 
elegans nervous system. A. Binary expression pattern (dark blue, expressed, white, not expressed) of 
994 reporter genes in 302 neurons. Genes and neurons are ordered alphabetically. B. Histogram 
showing the number of reporter genes in neurons. ASI has the most reporter genes at 145, while RIR has 






Overview of this study. Here I explore the question of whether terminal selectors regulate their targets 
via direct binding of effector genes by first examining motif match binding site data for the terminal 
selectors with existing evidence of direct regulation including UNC-3, CHE-1, TTX-3/CEH-10, and HLH-4 
as a proof of principle. Indeed, I find that these terminal selector motif match datasets are enriched for the 
neuron class gene batteries they regulate which prompted a further investigation of other known terminal 
selectors to see if this is a broader trend in neuronal identity regulation. Strikingly, analysis of the 
remaining 24 terminal selectors with available motif data showed enrichment of target neuron class gene 
batteries among predicted target gene data supporting the theory that terminal selectors exert their 
function as neuronal identity regulators via direct binding of cell specific combinations of identity genes. 
That neuron class gene batteries are enriched among their cognate terminal selector’s motif match data 
suggests that these relationships may be predicted de novo using a consensus binding site for a given 
terminal selector. To see if this assumption holds, I examined true positive prediction rates for regulatory 
target predictions and find that indeed, neuron class gene enrichment data is predictive of regulation by 
the terminal selector examined. This result led to the intriguing question of whether we could predict novel 
terminal selector-like TFs using motifs available for other neuronal TFs. This analysis resulted in 
predictions for terminal selector-like regulators for 114 of the 118 neuron classes (up from 74) with 98 of 
those classes having a unique combination of candidate regulators (up from 23).   
METHODS 
Data sources. I used the collection of curated neuronal reporter gene binary expression data available 
from Wormbase.org and the Hobert lab consisting of 302 neurons and 994 reporter genes for this study 
(Figure 6.4) as well as the collection of curated TF binding motifs described in Narasimhan et al. 2015. 
The PWMs for these motifs were downloaded from the CIS-BP database (Weirauch et al. 2014), and 
converted to MEME format (log-odds position specific scoring matrix) using a  python script. 103 motifs 
for 93 neuronally expressed TFs were used for this study (see Supp. Figure 1 for motif logos). 
Additionally the motifs for four TFs characterized in our lab were used including AIY, ASE, COE, (see 
Glenwinkel et al. 2014 for these motifs), and HLH-4 (see Masoudi et al. 2018). 
Analysis pipeline. Each TF motif was run through TargetOrtho 2.0 (Chapter 4) to generate a ranked list 





TargetOrtho predicted candidate target genes were examined for enrichment and rank order of neuron 
class specific gene expression profiles using the hypergeometric test (Falcon et al. 2008) and Wilcoxon 
rank sums tests respectively. This analysis was performed two times, once where only target neuron 
classes that expresses the TF were tested, and again with all 118 neuron classes tested. Multiple testing 
correction was applied using the Benjamini-Hodchberg procedure allowing a false discovery rate of .05. 
All analysis was done with Python using the scipy.stats module for statistical tests. 
Information content score  calculation. An Information content score (ICS) of each motif was translated 
from the number of genome-wide binding sites present in the C. elegans genome for all 103 motifs 
analyzed using the output from the FIMO motif scanner implemented by TargetOrtho (Glenwinkel et al. 
2014). I reasoned that low information content motifs will have more genome-wide sequence matches 
due to chance due to ambiguous binding affinities compared to higher information content motifs. Scores 
were normalized between 0 and 10 using the maximum and minimum motif match count among the 103 
motifs with 10 having the highest information content and 0 having the lowest. ICS=10-((c-min)/(max-
min)*10) where c=motif match count for a given TF, min is in the motif match count for the TF with the 
least genome-wide motif matches, and max is the motif match count for the TF with most genome-wide 
motif matches. 
RESULTS 
6.3. Terminal selector motif match data enrichment and TargetOrtho rank order of neuron class 
gene batteries is predictive of target neuron class regulation.  
 Terminal selector target genes predicted by TargetOrtho motif match data are highly ranked and 
enriched for the neuron classes they regulate. First I examined TargetOrtho 2.0 data from the four 
terminal selectors with previously characterized binding sites in neuron class identity genes including 
UNC-3, CHE-1, TTX-3/CEH-10, and HLH-4 motifs as a proof of principle. Indeed I find that the  gene 
batteries of the 8 neuron classes with evidence of direct regulation in a few genes (blue neuron classes in 
Table 1) are enriched among terminal selector candidate target genes (TargetOrtho predicted candidate 
genes with conserved motif matches). Next all 29 terminal selectors with a consensus binding motif 
(Table 1) were tested for significant enrichment and rank order of the neuron class gene batteries they 





predict their known target neuron classes from TargetOrtho binding site data (Supp. Table 1). Of the 118 
neuron classes in the C. elegans adult hermaphrodite nervous system, 74 have characterized terminal 
selectors that regulate their terminal cell identity. 73 of these 74 neuron classes are regulated by at least 
one terminal selector that has a motif. All 73 of these neuron classes are predicted as regulatory targets 
of at least one of their known terminal selectors (Supp. Table 1). Only RIB was not predicted as a target 
neuron class (the 74th class)  which is expected because its terminal selector, aptf-1, has no motif so was 
not tested (Figure 6.5).  Only 3 terminal selector motifs failed to predict one of their known target neuron 
classes (ast-1regulation of HSN, lim-6 regulation of RIS, and sox-3 regulation of SAA) and only  sox-3  
failed to predict all of its target neuron classes (SAA is the only target of sox-3). 122 out of 125 (97.6%) 
combinations of terminal selector predictions for regulated target neuron classes were significantly 
predicted (See Supp. Table 6.1 for all terminal selector prediction results).   
 
Figure 6.5 Terminal selector motif target neuron class prediction results. 73/74 terminal selector 
target neuron classes were predicted by at least one of the known terminal selector motifs. Only RIB was 
not predicted as a target neuron class  which is expected because its terminal selector, aptf-1, has no 
motif so was not tested. 
 
6.4. True positive predictions for terminal selector target neuron classes are better than expected 
by chance. 
 Per terminal selector, when significant target neuron regulator prediction data is sorted  by rank 
sums test p value, the true positive prediction rate (TPR) is greater than random for 27/28 terminal 
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because the terminal selector is expressed in the same number of neurons that it is a terminal selector 
for) (Figure 6.6). 45.6% of predictions had a TPR significantly better than random (z test for proportions, 
p<.05) excluding cases where both the experimental TPR and random TPR is equal to 1.  Similar results 
are obtained when data is sorted by neuron class gene battery enrichment test p value with 106/133 
enrichment tests having TPR better than expected by chance). (Supp. Table 6.1). 
Figure 6.6. A. Histogram of expressed TF target neuron class prediction true positive rates 
(FDR=0.05). B. Scatter plot showing true positive rate (TPR) per correct neuron class prediction for 
previously characterized terminal selector TFs (FDR=0.05). Blue line: shows the difference in the TPR 
versus random TPR for a given neuron class prediction. All predictions are sorted by difference in TPR 
(blue line). The pink shaded area shows predictions where the TPR was less than or equal to random 
(excluding cases where the random TPR and actual TPR are both equal to 1). 
 
In order to optimize the prediction outcome of TF target neuron class regulators, I tested the true 
positive rate outcomes for known terminal selectors with different allowed false discovery rates (FDR) 
when applying the Benjamini-Hodchberg multiple test correction. Increasing the FDR from 1% to 5% 





selectors that have motifs without changing the proportion of tests where the TPR was better than 
expected by chance (Table 2). 
Table 2. Target neuron class prediction results for known terminal selector TFs using different 
false discovery rates for multiple testing correction. An FDR of .05 results in the highest percentage 
of correct target neuron classes predicted without a sacrifice in true positive prediction rate.  
FDR TSs with correct target neuron 
class predicted? 
target neuron classes 
predicted by correct TS? 
Total target neuron 
predictions for TSs 
TPR>random (or TPR=1 
and random TPR =1). 
.01 25/29 65/73 (89%) 110 87/110  (79.1%) 
.05 28/29 73/73 (100%) 133 106/133 (79.7%) 
.25 28/29 73/73 (100%) 140 113/140 (80.7%) 
 
It’s important to take the true positive prediction rates for target neuron class predictions per 
terminal selector with a grain of salt since additional predicted target neuron classes could in fact be real 
regulatory targets of the transcription factor. Consider the unc-86 example where 8/10 of the first 
predicted target neuron classes are known regulatory targets where unc-86 acts as a terminal selector. 
The remaining 2/10, ALN and SDQ, could also have terminal gene batteries regulated by unc-86 (Figure 
6.7) 
6.5. Information content of terminal selector motifs is not correlated with true positive prediction 
rates of known regulators. 
Next I asked whether information content of a motif is correlated with true positive prediction rates 
for known terminal selector motifs. I reasoned that higher information content motifs would have more 
specificity in binding site locations resulting in fewer false positives in genes that that are not regulated by 
the transcription factor. I found however that information content is not correlated with true positive 
prediction rate when sorted by rank sum p value or enrichment p value per terminal selector motif 























Figure 6.7. Example of true positive rates for a few terminal selectors with previously identified 
target neuron classes. A: An example of a known terminal selector, UNC-86 and the number of 
correctly predicted target neuron classes as a function of the number of rank sums tests examined. For 
example, if one were to investigate the first 5 target neuron predictions for unc-86, 5/5 of them would be 
neuron classes in which unc-86 is a known terminal selector. After examining the first 10 target neuron 
class predictions, 8 are correct targets whereas one expects to find 7 by chance (because unc-86 is a 
terminal selector for 20/30=0.7 of the neuron classes it is expressed in). B. Example with UNC-3. C. 
Example with UNC-42. D. Example with CEH-14.  
 
6.6. Terminal selector motifs do not have higher information content than other neuronal TFs.  
Next I asked if known terminal selector motifs have higher information content than other 
neuronal transcription factors with motifs. If these particular transcription factors tend to have higher 
information content than other neuronal TFs, perhaps narrowing candidate master regulators down by 
motif information content would be helpful in finding real terminal selector-like TFs. However, information 
content is not different among known terminal selector motifs and other neuronal transcription factor 









Figure 6.8. Information content of Terminal selector motifs. A. Motif information content and true 
positive prediction rate are not correlated (Pearson r =-0.06, p value=0.53). B. Normalized histogram of 
Information content for known terminal selector TF motifs versus all 80 neuronal TF motifs with target 
neuron predictions. 
 
6.7. Predicting novel regulatory target neuron classes from TF motif data. 
Given that terminal selector binding site motifs can successfully predict target neuron class gene 
signatures for 73/73 neuron classes that have terminal selectors with motifs with a true positive rate better 
than random for 79.7% of those cases (Figure 6.5), I reasoned that novel regulators may be identified 
using the same strategy. Whether the increase in true positive predictions compared to random is 
significant remains to be tested. 80 of the 92 tested neuronal TFs have significantly predicted target 
neuron classes totaling 477 TF target neuron class predictions. 29 of these TFs are known terminal 





These 477 significant TF target neuron class regulator predictions  (80 unique TFs predict 115 
unique target neuron classes) can be divided into 3 categories. 1) known regulators (133 correct 
predictions) in which a known terminal selector predicts a previously described target neuron class (Supp. 
Table 6.1), 2) additional regulators  (230 predictions) in which a novel TF is predicted to regulate a neuron 
class that has a previously described terminal selector, 3) novel regulators (114 predictions) in which a 
neuron class with no known terminal selector is a predicted target of the TF (Figure 6.9).  
Figure 6.9. Significant TF target neuron class predictions by category. Category 1: neuron classes 
with known regulators (previously described terminal selector regulates these neuron classes). Category 
2: additional regulators (predicted target neuron classes have at least one previously characterized 
terminal selector TF). Category 3: novel regulators (predicted target neuron classes have no previously 
described terminal selector TF).  
 
Prediction of novel TF target neuron identity regulators. This section will focus on categories 2 and 3 
(344 new TF target neuron predictions). Results from previously described terminal selectors (category 1) 
are described above.  Additional regulators from category 2 have the potential to assign a unique 
combinatorial terminal selector code to a neuron class for the many neuron classes that currently do not 
have unique combinations of terminal selectors. Category 3 has the potential to expand the known 
repertoire of master regulators of terminal cell identity in the nervous system by identifying novel terminal 
selector-like TFs. If all 477 significant TF target neuron class predictions were correct, the number of 
neuron classes with terminal selectors could increase from 74/118 to as many as 98/118. Only I5, I6, MI, 
and RIF have no predicted regulators of terminal cell identity. 
With new candidate regulators of neuronal identity, the number of neuron classes with unique 
combinations of terminal selector regulators could increase from 31% (23/74) to 84.6% (83/98) of neuron 





are shown in Table 3 (9 of these neuron classes previously had a redundant terminal selector 
combination while the other 7 are novel predictions (Figure 6.10, Table 3).  
Figure 6.10. Overview of terminal selector regulation of neuron classes. A. Previous state of terminal 
selector regulation of neuron classes. B. Updated state of terminal selector regulation if all predictions are 
correct. 
 
Table 3. Target neuron classes that do not have unique combinations of terminal selectors or 
novel predicted master regulators. Bold neuron classes indicate classes that originally had a non-
unique combination of terminal selector regulators described.  
neuron class 
Number of neuron 
classes with same TF 
combination TFs (predicted or known regulators) 
PHC 4 ceh-14', 'unc-86' 
ADA 4 ceh-14', 'unc-86' 
PVR 4 ceh-14', 'unc-86' 
PVW 4 ceh-14', 'unc-86' 
PVD 2 dsc-1', 'egl-43', 'mec-3', 'unc-62', 'unc-86' 
FLP 2 dsc-1', 'egl-43', 'mec-3', 'unc-62', 'unc-86' 
PDA 2 egl-5', 'unc-3' 
PDB 2 egl-5', 'unc-3' 
RIS 2 lim-6', 'nhr-67' 
AVL 2 lim-6', 'nhr-67' 
RIR 2 nhr-67', 'unc-86' 
RIH 2 nhr-67', 'unc-86' 
M2 2 tbx-2' 
I3 2 tbx-2' 
PLN 2 unc-86' 






6.8. Validating candidate regulators of neuronal identity. 
Candidate regulators of neurotransmitter identity genes. With 344 candidates to choose for 
experimental validation from categories 2 and 3, I chose to focus on those with highly ranked 
neurotransmitter target genes (in the top 40th percentile of TargetOrtho predicted TF target genes). We 
reasoned that because the neurotransmitter identity of the cell is an overarching feature of neuron type 
and because previously described terminal selectors regulate neurotransmitter pathway genes, it makes 
sense to choose experimental validation candidates from this list of which there are 217/344 (See Table 4 
for summary of all prediction data) (Table 4). To further narrow down candidates for experimental 
validation I examined promoter fragments of the neurotransmitter pathway genes cho-1, unc-17 
(Acetylcholine pathway genes), unc-25, unc-46, unc-47, and snf-11 (GABA pathway genes) to find cases 
where the presence or absence of TF binding sites changed the expression of the predicted target neuron 
class (promoter bashing data from John Kerk) (Figure 6.11).  
 
 
Figure 6.11. Regulation of neurotransmitter type by terminal selectors. A. Example of several 
terminal selectors CHE-1, TTX-3/CHE-10, and LIM-5/NHR-67 for a ASE (Glu), AIY (ACh) and AVL 
(GABA). B. Cholinergic biochemical pathway genes including unc-17 and cho-1 genes. C. unc-17 








Table 4. Summary of all prediction data (TF expressed in candidate target neuron class) with 












all predictions (including known regulators) 477 80 115 Supp. Table 4 
all candidates (additional and novel regulators) 344/477 71 105 
Supp. Table 4b, tab: 344 
candidates 
candidates with unknown NT 33/344 20 13 
Supp. Table 4b, tab: 33 
unknown_NT 
candidates with highly ranked NT gene 217/344 53 85 
Supp. Table 4b, tab: 217 highly 
ranked NT genes 
candidates, cholinergic (cho-1, unc-17, cha-1) 118/217 45 42 
Supp. Table 4b, tab: 217 highly 
ranked NT genes 
candidates Glutamatergic (eat-4) 70/217 22 31 
Supp. Table 4b, tab: 217 highly 
ranked NT genes 
candidates GABA (unc-25,unc-30,unc-45,unc-46,snf-
11) 21/217 10 10 
Supp. Table 4b, tab: 217 highly 
ranked NT genes 
Serotonin (bas-1, tph-1) 0/217 0 0 
Supp. Table 4b, tab: 217 highly 
ranked NT genes 
candidates Octopamine (tdc-1, thb-1)) 1/217 1 1 
Supp. Table 4b, tab: 217 highly 
ranked NT genes 
candidates dopaminergic (cat-2) 7/217 6 2 
Supp. Table 4b, tab: 217 highly 
ranked NT genes 
     
Candidates with highly ranked NT TF target gene 
and BS within promoter bash data 154 48 68 Supp. Table 6. 
targets of unc-17 with promoter bash data 49 21 28 Supp. Table 6. tab: unc-17 bash 
targets of cho-1 with promoter bash data 31 15 23 Supp. Table 6. tab: cho-1 bash 






Of the 217 candidates with highly ranked neurotransmitter target genes, 118 are predictions for 
cholinergic target neuron regulation and 49 have highly ranked binding sites within the 6KB unc-17 
Figure 6.12. Results from promoter bashing data in candidate TF target neurons (Data from John 
Kerk). A. Unc-17 promoter fragments. B. cho-1 promoter fragments. Dark grey: expressed, light greys: 






promoter bashed region while 31 have binding sites within the bashed cho-1 promoter (Table 4). 13 of 
these have conclusive promoter bashing data that support the prediction (Table 5). Other predictions are 
inconclusive given the specific promoter fragments analyzed  (Figure 6.12). All remaining candidates with 
highly ranked neurotransmitter target genes do not have conclusive promoter bash data among unc-17, 
cho-1, u nc-25, unc-46, unc-47, and snf-11 promoter reporters (note available GABA promoter bash data 
only examined a few proximal promoter fragments within 600 bases of the gene start).  
 
Table 5. Transcription factor target neuron predictions supported by unc-17 and cho-1 promoter 






data in support Upstream binding site positions within promoter bash data 
M1884_1.02 mef-2 AWB unc-17 ['2232.0', '2242.0', '2852.0', '3607.0', '5272.0', '5402.0', '5600.0'] 
M5075_1.02 lin-11 AVD unc-17 ['763.0', '1112.0', '2191.0', '2192.0', '3732.0', '4314.0'] 
M5075_1.02 lin-11 AVA unc-17 ['763.0', '1112.0', '2191.0', '2192.0', '3732.0', '4314.0'] 
M1109_1.02 vab-7 DB unc-17 ['4313.0'] (CTAATTAC) 
M2032_1.02 ceh-12 VB unc-17 ['4313.0'] (GTAATTA) 
M1082_1.02 ceh-20 SDQ cho-1 ['3850.0'] 
M5075_1.02 lin-11 ADF cho-1 ['271.0', '460.0', '571.0', '2784.0', '2877.0', '3952.0'] 
M1884_1.02 mef-2 AWB cho-1 ['781.0', '2769.0', '4294.0', '4532.0'] 
M0495_1.02 sptf-3 M4 cho-1 ['1184.0', '1290.0', '1360.0', '1751.0', '2714.0', '4702.0', '4728.0'] 
M5740_1.02 unc-86 ALN cho-1 ['569.0', '570.0', '852.0', '4211.0'] 
M5740_1.02 unc-86 SDQ cho-1 ['569.0', '570.0', '852.0', '4211.0'] 
M1223_1.02 vab-3 AWB cho-1 ['2784.0'] 
M1223_1.02 vab-3 SMB cho-1 ['2784.0'] 
 
Candidate regulators of neuron classes with unknown neurotransmitter identities. In addition to the 
217 candidates with highly ranked neurotransmitter target genes predicted, 33 candidates have unknown 
(orphan) neurotransmitter identities.  
Plans for experimental validation of neuronal identity candidate regulators. Because the promoter 
bashing data is not ideal (most fragments don’t specifically remove or retain the TF binding sites of 
interest) necessity or sufficiency of the TF binding sites are difficult to gauge. One way to efficiently test 
for target neuron class identity regulation by a given TF is to look at expression of neurotransmitter 
identity genes in a TF mutant. This is efficient because all the cholinergic neuron class predictions can 
use the same reporters in each candidate TF mutant. To this end I plan to cross neurotransmitter reporter 
genes into TF mutants for several candidates including a cfi-1 with the cholinergic markers unc-17, cho-1 
and  egl-43  with the glutamate marker eat-4. Additional validation for a neuron class with no identified 
neurotransmitter will include ODR-7 regulation of the AWA neuron class by examining AWA reporter 





Table 6. Candidates for validation (in addition to promoter bash data supported candidates). Bold 
text: candidates chosen for experimental validation. *reporter has been shown to be affected in TF 
mutant. unc-86 is known to act redundantly as a terminal selector in other cell types so that experimental 







class NT identity 
NT matches 
and rank in 
TargetOrtho 
results 
TF dependent genes 
(already described) binding site positions 
of NT genes (or other 
markers to test) 
M1481_1.02 odr-7 
Novel 
regulator AWA Unknown NA 
odr-7* (Dylan Rahe, 
Sengupta et al 1996), 
odr-10* (Sengupta et 
al. 1996), represses 
str-2*, AWC marker 
(Colosimo M.E. 
et al. 2003) 
pgp-2, ins-1, flp-
19,  tbb-4, odr-7, ceh-
1, npr-5, gpa-3, unc-













 cho-1 : 
569,570,852,4211, 


























6.9. Expanding the TF target neuron class prediction regulator strategy to identify novel cell 
expression and candidate regulators of neuronal identity. 
Next, we asked if expanding the prediction strategy to test for TF motif enrichment and rank order 
of candidate TF target genes (TargetOrtho data) from testing neuronal gene batteries in neuron classes 
that do express the TF to the full set of 118 neuron classes could reveal novel regulatory targets and 
expression patterns. One question to address first is how inclusion of tests for all 118 neuron class gene 
batteries affects true positive prediction rates for previously characterized terminal selectors of neuronal 
identity.  
True positive prediction of known terminal selectors is negatively affected by addition of neuron 
target classes that do not express the TF. When target neuron class predictions are included for 
neuron classes that are not known to express the transcription factor of interest, the true positive 
prediction rate (TPR) is lower overall for known terminal selectors genes. Whereas the TPR is better than 
random for 106/133  or 79.7 % of target neuron class regulator predictions when only neuron classes that 





expression this rate drops to 15/110 (or 13.6%) (Figure 6.13). Similar results are observed when TPR is 
determined by enrichment test sort order (14/110).  
This suggests that many neuron class gene batteries are enriched in unused TF binding sites. In 
the absence of the TF, these particular gene batteries are not activated so that the terminal fate of the cell 
is not affected.   
 
Figure 6.13 True positive prediction rates for previously described terminal selector motifs for 
target neuron class predictions regardless of TF expression in that neuron class. A. Histogram of 
expressed TF target neuron class prediction true positive rates (FDR=0.05). B. Scatter plot showing true 
positive rate (TPR) per correct neuron class prediction for previously characterized terminal selector TFs 
(FDR=0.05). Blue line shows the difference in the TPR versus random TPR for a given neuron class 
prediction. All predictions are sorted by difference in TPR (blue line). The pink shaded area shows 
predictions where the TPR was less or equal to random (excluding cases where the random TPR and 
actual TPR are both equal to 1). 
 
Some well characterized terminal selector motifs have high true positive prediction rates despite 
inclusion of all neuron classes for statistical testing. For several well characterized terminal selector 
motifs, despite including neuron class predictions in which the terminal selector is not expressed, the TPR 
is very high. For example the AIY motif's  (CEH-10/TTX-3 cofactor binding site) top regulatory target 
prediction is AIY out of 69 neuron classes significantly predicted as regulators (69/118 neuron classes 
tested were significant). The CHE-1 motif's (ASE motif) top regulatory target is the ASE neuron class for 





from each motif respectively). The ETS-5 motif predicts BAG as its top regulatory target out of 70 tests, 
the UNC-86 motif predicts HSN and PLM as its top regulatory targets (Table 7) among others. Each of 
these cases demonstrates an example of a known terminal selector motif predicted its regulatory target 
neuron class as its top prediction among all 118 neuron classes tested. 
 
Table 7. For several well characterized terminal selector motifs like AIY, ASE, ETS-5, CEH-36, and 
UNC-86  the correct target neuron class is the top predicted result. For example unc-86 top 2 results 
predict HSN and PLM as regulatory targets. The AIY motif's top regulatory target prediction is AIY out of 
69 tests, the CHE-1 motif's top regulatory target are the ASE neurons for motifs from two data sources 
(out of 32 and 13 tests respectively). The ETS-5 motif predicts BAG as its top regulatory target out of 70 
tests etc.  




proportion of true 
positives if sorted 
by rs p value per 
motif 
order by rank sum p 
value per motif 
predicted target 
neuron class 
regulator count (all 
neuron classes 
tested) 
AIY ceh-10 ttx-3 AIY 1 1 69 
M5740_1.02 unc-86  HSN 1 1 85 
M5740_1.02 unc-86  PLM 1 2 85 
M0862_1.02 ceh-36  ASE 1 1 36 
ASE che-1  ASE 1 1 32 
M0388_1.02 che-1  ASE 1 1 13 
M0699_1.02 ets-5  BAG 1 1 70 
M5740_1.02 unc-86  NSM 0.75 8 85 
 
Some target neuron classes like AIY, HSN, ALM, and PLM are predicted regulatory targets of 
more than 80 TFs while others like I4 and M1 are only predicted target neuron classes of one TF motif. 
The total number of TF target neuron predictions is 5,467, most of which are expected to be false 
positives. These represent neuron class gene batteries with TF motif matches that are most likely not 
exposed to the TF that has the potential to regulate them because the TF itself is not expressed in the 
same cell.   
Information content is correlated with the number of predicted regulatory target neuron classes. 
One question that arises is whether novel TF expression and regulatory relationships can be predicted 
from this analysis. To this end, we asked if a correlation between information content and TPR for known 
terminal selector target neuron classes exists. If the two are correlated (high information content and high 





are not correlated, however (Pearson r= 0.004, p=0.96). While the information content is not correlated 
with the TPR for known terminal selectors it is corrected with the total number of significant predicted 
target neuron classes (Pearson r=-0.407 , p=0.015 (Figure 6.14).  This is intuitive because low 
information content motifs have many more motif matches per genome which increases the probability 
that a given neuron class gene battery has motif matches.  
Although the TPR is not correlated with information content for known terminal selectors, we 
reasoned that investigating TF target neuron class predictions for high information content motifs meant 
fewer potential target neuron class candidates overall, thus decreasing the time and effort to validate 
novel regulatory relationships. 
Figure 6.14. Motif information content scores are correlated with the number of significant  
predicted target neuron classes (blue: known terminal selector (TS) motif , orange: other TFs (not 
terminal selectors). 
 
Choosing novel TF expression candidates for experimental validation. After narrowing down 
candidates to those with highly ranked neurotransmitter target genes plus regulators of neurotransmitter 
orphan neuron classes,  67 unique TFs predict 116 unique target neuron classes for a total of 2,180 
predictions. Using the information content and the number of predicted TF target neuron classes to 
narrow down candidates for validation, we can order this list. Some of the top TFs are listed in Table 8 
below. Realistically, this method of novel TF expression discovery is not feasible with such a large 
number of potential false positives but nevertheless, it may be useful for checking candidate relationships 





Table 8. Predicted expression in novel target neuron classes sorted by high information content 
and low overall number of predicted target neuron classes.   
TF 
candidate regulatory target neuron classes 
(novel expression) information content score 
predicted regulatory target neuron class 
count (all neuron classes tested) 
mbr-1 CAN HSN SIA SMD 10 8 
hlh-29 PVM 9.958076 13 
ref-2 AS CAN DA VC 9.763485 6 
hlh-25 ADE PVM 9.760497 14 
ham-2 PVM 9.744289 4 
nhr-79 ASE DVA 9.411067 2 
ceh-34 AWA 9.328939 1 
che-1 ASI 8.992638 13 
mab-9 AIZ AUA BAG CAN HSN IL1 RIB SIB URA URB URY 8.976158 12 
ttx-3 AIZ CAN PVQ 8.475692 6 
 
DISCUSSION 
This study has the potential to drastically expand our knowledge about how neuronal identity is 
regulated at the single cell level for an entire nervous system. With the evidence that this prediction 
method works well for known terminal selectors to identify the neuronal classes they regulate (Figure 6.6), 
potential novel candidate regulatory relationships will be exciting to pursue in the lab starting with 
experimental validation of a few genes but also providing a resource for guided experiments in the future.  
 If all 344 new significant TF target neuron class predictions were correct, the number of neuron 
classes with terminal selectors could increase from 74/118 to as many as 98/118. With new candidate 
regulators of neuronal identity, the number of neuron classes with unique combinations of terminal 
selector regulators could increase from 31% (23/74) to 84.6% (83/98) of neuron classes (Figure 6.10).    
Taken together, this study provides a resource and guide for future in vivo experiments in the lab 
as well as a novel application of the TF target gene prediction software, TargetOrtho (Glenwinkel et. al 
2014) for the identification of novel neuronal identity regulators.  
While analysis of individual TF motifs successfully predicts neuronal identity regulators for 73 
neuron classes where genetic evidence of regulation also exists and provides a plethora of prediction 
data for future experiments, this approach presently ignores the combinatorial aspect of terminal selector 





of the HSN neurons up to six cofactors. Generally, whether these transcription factors bind to a common 
set of neuron-type specific effector genes, mutually exclusive sets of effector genes or some combination 
thereof is not known. While this question has not been widely explored there are a few specific cases that 
give clues as to possible modes of co-factor regulation.  
Genetic evidence from the AIY terminal selector co-factors TTX-3 and CEH-10 are an example of 
a heterodimer interaction in which these proteins bind together to regulate effector genes (Wenick et al 
2004). For example, all effector genes tested required ttx-3 for expression while ectopic expression of ttx-
3 and ceh-10 together was sufficient to activate AIY effector genes in the hypodermis suggesting a joint-
requirement for specification of AIY neuron fate (Wenick et al 2004).  In contrast, another example of a 
co-factor terminal selector pair, UNC-86 and TTX-3, that specify AIY neuron identity show genetic 
evidence of both synergistic effects in which effector gene expression is lost only in the double mutant as 
well as fully penetrant single mutant effects in which loss of just one of the co-factors results in loss of 
effector gene expression (Zhang et al. 2014). Taken together it appears that modes of co-factor 
regulation may vary between cell types. One way to further understand co-factor modes of regulation is to 
use the strategy employed in this chapter to search for cis-regulatory modules among neuron class gene 
batteries. For neuron classes with more than one described terminal selector-like regulator this analysis 
will reveal whether co-factors tend to jointly regulate each effector gene as evidenced by the presence of 
binding sites for each co-factor or whether effector genes tend to be independently regulated. Depending 
on the trends observed, it may prove fruitful to predict novel combinatorial terminal selector-like regulators 
using this cis-regulatory motif search strategy using C. elegans predicted protein-protein interaction data 
as a guide (Meyer et al. 2018).  
A second consideration for this analysis is the motif scanner p-value threshold used to detect 
motif matches in the genomes of interest. A default p-value of 1e-4 was used so that many low affinity 
binding sites may have been missed with the tradeoff of fewer expected false positive target gene 
predictions from TargetOrtho. This threshold was chosen based on modeling experimentally validated 
target genes from three independent studies (Kratsios et al. 2012, Wenick et al 2004, Etchberger et al. 
2007). Because these specific terminal selector target genes were not chosen in a biased manner, but 





used to predict targets of other transcription factors as well. It may very well be that other transcription 
factors employ more low affinity binding sites than the experimentally validated set, but currently we 
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Supplementary Figure 6.1. Motif logos for transcription factors investigated in this study from CIS-
BP database. 
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M5340_1.02 ceh-43 ADE 1.83E-06 9.73E-04 0.50 3 8 0.38 
M5340_1.02 ceh-43 CEP 3.51E-05 1.69E-04 0.33 3 8 0.38 
M5340_1.02 ceh-43 PDE 3.62E-07 1.74E-02 0.43 3 8 0.38 
M0709_1.02 ast-1 ADE 1.17E-03 2.73E-04 0.13 4 11 0.36 
M0709_1.02 ast-1 CEP 1.81E-04 7.76E-04 0.20 4 11 0.36 
M0709_1.02 ast-1 PDE 2.78E-05 9.44E-04 0.27 4 11 0.36 
ADL_j20180518 hlh-4 ADL 1.50E-06 9.90E-06 1.00 1 1 1.00 
M5075_1.02 lin-11 ADL 1.19E-02 1.60E-07 0.50 3 11 0.27 
M5075_1.02 lin-11 ASG 4.65E-04 7.79E-08 0.33 3 11 0.27 
M5075_1.02 lin-11 PVP 9.99E-04 4.38E-06 0.38 3 11 0.27 





M0963_1.02 ceh-14 AFD 3.12E-04 4.57E-05 0.67 10 16 0.63 
M0963_1.02 ceh-14 AIM 2.80E-04 1.73E-05 0.75 10 16 0.63 
M0963_1.02 ceh-14 ALA 9.63E-03 1.63E-03 0.70 10 16 0.63 
M0963_1.02 ceh-14 DVC 2.39E-02 7.08E-03 0.57 10 16 0.63 
M0963_1.02 ceh-14 PHA 2.36E-05 9.21E-06 0.67 10 16 0.63 
M0963_1.02 ceh-14 PHB 4.40E-04 8.46E-05 0.71 10 16 0.63 
M0963_1.02 ceh-14 PHC 8.70E-03 8.87E-04 0.67 10 16 0.63 
M0963_1.02 ceh-14 PVC 3.31E-04 5.94E-07 1.00 10 16 0.63 
M0963_1.02 ceh-14 PVN 3.16E-02 2.14E-02 0.63 10 16 0.63 
M0963_1.02 ceh-14 PVR 1.78E-02 7.49E-03 0.60 10 16 0.63 
M0902_1.02 ttx-3 AIA 6.56E-06 4.16E-04 0.67 4 5 0.80 
M0902_1.02 ttx-3 AIY 1.39E-12 8.77E-04 0.75 4 5 0.80 
M0902_1.02 ttx-3 ASK 9.59E-03 4.36E-05 1.00 4 5 0.80 
M0902_1.02 ttx-3 NSM 3.08E-07 5.14E-03 0.80 4 5 0.80 
M4846_1.02 unc-42 AIB 1.19E-03 4.28E-06 1.00 11 15 0.73 
M4846_1.02 unc-42 ASH 2.05E-03 5.76E-10 1.00 11 15 0.73 
M4846_1.02 unc-42 AVA 1.16E-04 7.87E-09 1.00 11 15 0.73 
M4846_1.02 unc-42 AVB 3.03E-04 2.40E-06 1.00 11 15 0.73 
M4846_1.02 unc-42 AVD 9.85E-05 7.13E-06 1.00 11 15 0.73 
M4846_1.02 unc-42 AVE 1.37E-03 6.50E-07 1.00 11 15 0.73 
M4846_1.02 unc-42 RIV 3.37E-03 2.31E-06 1.00 11 15 0.73 
M4846_1.02 unc-42 RMD 1.89E-04 2.47E-08 1.00 11 15 0.73 
M4846_1.02 unc-42 SAA 3.27E-03 8.46E-05 1.00 11 15 0.73 
M4846_1.02 unc-42 SIB 1.19E-03 1.60E-04 1.00 11 15 0.73 
M4846_1.02 unc-42 SMD 4.71E-05 2.15E-06 1.00 11 15 0.73 
M5740_1.02 unc-86 AIM 5.19E-05 1.62E-04 0.71 20 30 0.67 
M5740_1.02 unc-86 AIZ 6.89E-04 2.41E-07 0.82 20 30 0.67 
M5740_1.02 unc-86 ALM 1.29E-03 5.84E-09 1.00 20 30 0.67 
M5740_1.02 unc-86 AQR 8.24E-05 2.40E-07 0.80 20 30 0.67 
M5740_1.02 unc-86 AVM 4.01E-03 7.22E-09 1.00 20 30 0.67 
M5740_1.02 unc-86 BDU 1.04E-04 2.42E-07 0.83 20 30 0.67 
M5740_1.02 unc-86 FLP 3.34E-04 5.93E-07 0.87 20 30 0.67 
M5740_1.02 unc-86 HSN 2.14E-10 2.46E-12 1.00 20 30 0.67 





M5740_1.02 unc-86 NSM 4.59E-06 7.22E-09 1.00 20 30 0.67 
M5740_1.02 unc-86 PHC 1.62E-02 4.16E-04 0.71 20 30 0.67 
M5740_1.02 unc-86 PLM 6.92E-04 1.25E-09 1.00 20 30 0.67 
M5740_1.02 unc-86 PQR 1.30E-06 3.69E-09 1.00 20 30 0.67 
M5740_1.02 unc-86 PVD 9.14E-05 2.68E-07 0.85 20 30 0.67 
M5740_1.02 unc-86 PVM 1.17E-03 3.10E-08 1.00 20 30 0.67 
M5740_1.02 unc-86 PVR 2.84E-03 1.63E-03 0.70 20 30 0.67 
M5740_1.02 unc-86 RIH 2.62E-03 1.31E-03 0.69 20 30 0.67 
M5740_1.02 unc-86 URA 3.43E-03 2.73E-04 0.70 20 30 0.67 
M5740_1.02 unc-86 URB 4.43E-03 4.70E-03 0.69 20 30 0.67 
M5740_1.02 unc-86 URX 6.30E-06 3.40E-07 0.86 20 30 0.67 
M1229_1.02 unc-86 AIM 1.96E-04 2.77E-04 0.79 20 30 0.67 
M1229_1.02 unc-86 AIZ 6.83E-07 8.32E-05 0.82 20 30 0.67 
M1229_1.02 unc-86 ALM 1.81E-06 4.59E-06 0.67 20 30 0.67 
M1229_1.02 unc-86 AQR 1.38E-04 1.03E-03 0.82 20 30 0.67 
M1229_1.02 unc-86 AVM 7.63E-07 2.27E-04 0.77 20 30 0.67 
M1229_1.02 unc-86 BDU 5.11E-05 4.00E-03 0.74 20 30 0.67 
M1229_1.02 unc-86 FLP 1.99E-03 5.56E-05 0.75 20 30 0.67 
M1229_1.02 unc-86 HSN 3.25E-09 1.17E-05 0.80 20 30 0.67 
M1229_1.02 unc-86 IL2 2.86E-02 7.22E-05 0.80 20 30 0.67 
M1229_1.02 unc-86 NSM 9.14E-05 1.92E-05 0.83 20 30 0.67 
M1229_1.02 unc-86 PHC 4.14E-04 2.19E-03 0.73 20 30 0.67 
M1229_1.02 unc-86 PLM 1.80E-07 2.68E-07 1.00 20 30 0.67 
M1229_1.02 unc-86 PQR 9.37E-06 8.11E-04 0.81 20 30 0.67 
M1229_1.02 unc-86 PVD 8.88E-05 6.70E-05 0.78 20 30 0.67 
M1229_1.02 unc-86 PVM 2.52E-07 1.04E-05 0.75 20 30 0.67 
M1229_1.02 unc-86 PVR 8.23E-03 1.94E-03 0.75 20 30 0.67 
M1229_1.02 unc-86 URX 3.88E-05 3.53E-04 0.80 20 30 0.67 
AIYp0001j060618_TargetOrtho2 ceh-10/ttx-3 AIY 1.14E-11 1.03E-16 1.00 0 2 0.00 
M5951_1.02 ceh-10 AIY 1.11E-08 8.94E-05 0.40 2 8 0.25 
M5951_1.02 ceh-10 RMEDV 1.21E-07 2.55E-06 1.00 2 8 0.25 
M5287_1.02 ceh-10 AIY 7.63E-07 4.83E-07 0.50 2 8 0.25 
M5287_1.02 ceh-10 RMEDV 9.40E-04 1.04E-05 0.67 2 8 0.25 





M0931_1.02 mec-3 ALM 5.42E-06 8.48E-10 1.00 6 6 1.00 
M0931_1.02 mec-3 AVM 1.51E-04 2.55E-07 1.00 6 6 1.00 
M0931_1.02 mec-3 FLP 1.27E-02 5.33E-05 1.00 6 6 1.00 
M0931_1.02 mec-3 PLM 1.67E-05 7.22E-09 1.00 6 6 1.00 
M0931_1.02 mec-3 PVD 5.83E-04 4.57E-08 1.00 6 6 1.00 
M0931_1.02 mec-3 PVM 1.16E-03 5.19E-07 1.00 6 6 1.00 
COE_p0001j060618 unc-3 AS 4.48E-07 1.72E-04 1.00 15 16 0.94 
COE_p0001j060618 unc-3 AVA 1.03E-08 1.31E-04 1.00 15 16 0.94 
COE_p0001j060618 unc-3 AVB 9.33E-06 8.06E-03 0.93 15 16 0.94 
COE_p0001j060618 unc-3 AVD 1.06E-05 1.11E-03 1.00 15 16 0.94 
COE_p0001j060618 unc-3 AVE 9.95E-06 3.05E-03 0.92 15 16 0.94 
COE_p0001j060618 unc-3 DA 1.45E-07 2.12E-05 1.00 15 16 0.94 
COE_p0001j060618 unc-3 DB 1.77E-08 1.39E-04 1.00 15 16 0.94 
COE_p0001j060618 unc-3 DVA 2.38E-05 2.00E-03 0.92 15 16 0.94 
COE_p0001j060618 unc-3 PDA 9.14E-05 1.09E-03 1.00 15 16 0.94 
COE_p0001j060618 unc-3 PDB 5.62E-03 1.41E-02 0.94 15 16 0.94 
COE_p0001j060618 unc-3 PVC 7.14E-04 7.08E-04 1.00 15 16 0.94 
COE_p0001j060618 unc-3 PVN 3.73E-03 6.56E-03 0.93 15 16 0.94 
COE_p0001j060618 unc-3 SAB 1.23E-07 1.32E-05 1.00 15 16 0.94 
COE_p0001j060618 unc-3 VA 3.26E-07 2.80E-05 1.00 15 16 0.94 
COE_p0001j060618 unc-3 VB 1.03E-08 5.23E-05 1.00 15 16 0.94 
M0862_1.02 ceh-36 ASE 1.19E-11 8.54E-06 1.00 2 2 1.00 
M0862_1.02 ceh-36 AWC 3.82E-10 4.77E-03 1.00 2 2 1.00 
ASE_p0001j060618 che-1 ASE 1.37E-10 2.99E-12 1.00 1 1 1.00 
M0388_1.02 che-1 ASE 9.99E-09 1.28E-06 1.00 1 1 1.00 
M0863_1.02 ceh-37 ASG 2.06E-06 1.18E-02 1.00 2 2 1.00 
M0863_1.02 ceh-37 BAG 8.92E-12 1.18E-04 1.00 2 2 1.00 
M1226_1.02 ceh-6 AUA 2.05E-04 6.40E-07 1.00 1 4 0.25 
M0960_1.02 lim-6 AVL 8.70E-03 4.01E-02 0.25 3 9 0.33 
M0960_1.02 lim-6 DVB 8.91E-03 1.48E-03 0.33 3 9 0.33 
M5246_1.02 nhr-67 AVL 1.55E-02 3.75E-03 0.25 4 18 0.22 
M5246_1.02 nhr-67 RIS 2.07E-02 2.02E-05 0.14 4 18 0.22 
M5246_1.02 nhr-67 RMEDV 1.15E-04 1.77E-04 0.15 4 18 0.22 





M1143_1.02 lim-4 AWB 1.09E-04 9.04E-03 0.20 2 9 0.22 
M1143_1.02 lim-4 SMB 6.16E-04 1.81E-02 0.33 2 9 0.22 
M0699_1.02 ets-5 BAG 6.00E-08 8.30E-11 1.00 1 1 1.00 
M0451_1.02 pag-3 BDU 9.59E-05 8.41E-05 0.17 1 10 0.10 
M0941_1.02 unc-30 DD 2.71E-06 2.05E-03 1.00 3 5 0.60 
M0941_1.02 unc-30 PVP 1.88E-05 4.76E-04 1.00 3 5 0.60 
M0941_1.02 unc-30 VD 5.06E-08 1.06E-03 1.00 3 5 0.60 
M4713_1.02 elt-1 DD 9.90E-03 1.39E-04 1.00 2 2 1.00 
M4713_1.02 elt-1 VD 8.58E-04 8.46E-05 1.00 2 2 1.00 
M0785_1.02 elt-1 DD 3.91E-02 3.83E-03 1.00 2 2 1.00 
M0785_1.02 elt-1 VD 2.16E-02 8.75E-04 1.00 2 2 1.00 
M1223_1.02 vab-3 IL1 5.41E-03 4.00E-04 0.11 3 18 0.17 
M1223_1.02 vab-3 OLL 2.05E-03 4.96E-04 0.17 3 18 0.17 
M1223_1.02 vab-3 URY 5.69E-03 9.07E-04 0.21 3 18 0.17 
M0114_1.02 cfi-1 IL2 2.55E-03 2.55E-03 0.33 2 5 0.40 
M0114_1.02 cfi-1 URA 2.15E-03 2.34E-02 0.40 2 5 0.40 
M1089_1.02 tab-1 RMELR 2.05E-02 8.57E-03 0.50 1 4 0.25 
M1087_1.02 ceh-24 SIA 6.33E-09 7.30E-03 0.75 3 4 0.75 
M1087_1.02 ceh-24 SIB 5.73E-05 1.29E-04 1.00 3 4 0.75 








APPENDIX A: Silencing of Repetitive DNA Is Controlled by a Member of an 
Unusual Caenorhabditis elegans Gene Family. 
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ABSTRACT Repetitive DNA sequences are subject to gene silencing in various animal species. Under specific circumstances repetitive
DNA sequences can escape such silencing. For example, exogenously added, extrachromosomal DNA sequences that are stably
inherited in multicopy repetitive arrays in the nematode Caenorhabditis elegans are frequently silenced in the germline, whereas such
silencing often does not occur in the soma. This indicates that somatic cells might utilize factors that prevent repetitive DNA silencing.
Indeed, such “antisilencing” factors have been revealed through genetic screens that identified mutant loci in which repetitive trans-
genic arrays are aberrantly silenced in the soma. We describe here a novel locus, pals-22 (for protein containing ALS2CR12 signature),
required to prevent silencing of repetitive transgenes in neurons and other somatic tissue types. pals-22 deficiency also severely impacts
animal vigor and confers phenotypes reminiscent of accelerated aging. We find that pals-22 is a member of a large family of divergent
genes (39 members), defined by homology to the ALS2CR12 protein family. While gene family members are highly divergent, they
show striking patterns of chromosomal clustering. The family expansion appears C. elegans-specific and has not occurred to the same
extent in other nematode species for which genome sequences are available. The transgene-silencing phenotype observed upon loss of
PALS-22 protein depends on the biogenesis of small RNAs. We speculate that the pals gene family may be part of a species-specific
cellular defense mechanism.
KEYWORDS Caenorhabditis elegans; transgene silencing; RNA interference
Over half the human genome consists of repetitive DNAelements (Lander et al. 2001; de Koning et al. 2011).
The view of the role of repetitive DNA has evolved over the
last few decades from considering it as “junk DNA” to the
recognition of repetitive DNA as being essential for genome
function (Doolittle and Sapienza 1980; Orgel and Crick
1980; Lynch and Conery 2003; Shapiro and von Sternberg
2005). The main constituents of these repetitive DNA
elements are retrotransposons, a large family of trans-
posable elements capable of copying themselves and re-
inserting into the host genome (Kazazian 2004; Goodier
and Kazazian 2008; Cordaux and Batzer 2009). Retro-
transposons and other elements with the ability to copy
themselves pose a threat to genome integrity due to the
potential deleterious effects of landing in coding or reg-
ulatory regions (Friedli and Trono 2015). The activation
of proto-oncogenes in some leukemias represent an ex-
ample of such harmful consequences (Hacein-Bey-Abina
et al. 2003). However, repetitive DNA elements have also
been found to play beneficial roles in a number of processes,
ranging from the regulation of gene expression to interac-
tion with nuclear structures for genome packaging, to DNA
repair and restructuring (Shapiro and von Sternberg 2005;
Goke and Ng 2016). Hence, transposable elements have
been postulated as a powerful genetic force involved in
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the evolution of organismal complexity (Kazazian 2004;
Friedli and Trono 2015).
To balance the deleterious and beneficial features of re-
petitive sequences, organisms have evolved ways to finely
tune the regulation of repetitive DNA elements (Schlesinger
and Goff 2015; Chuong et al. 2017). For example, endoge-
nous silencing mechanisms have evolved to prevent genome
damage by the spread of mobile repetitive DNA elements.
Silencing can be directed by sequence-specific transcription
factors and by small RNAs. For example, retrotransposons are
extensively recognized by the Krueppel-associated box-zinc
finger (KRAB-ZFP) proteins (Rowe et al. 2010; Quenneville
et al. 2012; Jacobs et al. 2014), which form a large family of
repressive transcription factors. These transcription factors
are among the fastest evolving group of genes in the human
genome and their diversity facilitates their ability to recog-
nize a large number of retrotransposons (Nowick et al. 2010).
Sequence-specific binding to retrotransposons by KRAB-ZFP
factors triggers a cascade leading to chromatin-based silenc-
ing mechanisms (Wolf and Goff 2009).
RNAs of retrotransposons that escape transcriptional si-
lencingare targetedanddestroyedby thesmallRNApathways
in the cytoplasm (Toth et al. 2016). RNA-based mechanisms
represent the most ancient defense against the genomic
spread of repetitive DNA elements (Friedli and Trono
2015). These mechanisms comprise the action of small
RNA molecules, including small interfering RNAs (siRNAs),
PIWI-interacting RNAs (piRNAs), and microRNAs (miRNAs),
which guide repressor protein complexes to particular targets
in a sequence-specific manner. In addition to intervening at
the post-transcriptional level, small RNAs can also intervene
at the transcriptional level by directing deposition of repres-
sive histone marks and DNA methylation to copies of retro-
transposons and other elements (Le Thomas et al. 2013).
piRNAs and siRNAs can be produced from repetitive DNA
elements, which they silence in return (Law and Jacobsen
2010). Thus, in many organisms, repeated sequences can
be particularly sensitive to gene silencing.
Repetitive DNA elements are not only abundant in verte-
brate genomes. Repetitive DNA elements also abound in
model organisms with smaller genome sizes; repetitive
DNA accounts for 34–57% of the total genome in Drosophila
melanogaster (Celniker et al. 2002), and at least 17% of
the Caenorhabditis elegans genome (Stein et al. 2003). Re-
petitive DNA elements can also be generated experimen-
tally. DNA transformation techniques in C. elegans produce
repetitive extrachromosomal DNA arrays (“simple” arrays)
(Stinchcomb et al. 1985). Several studies have shown that
expression of transgenes organized in these repetitive arrays
is silenced both in somatic cells and in the germline through
heterochromatin formation, involving several chromatin fac-
tors [reviewed in Cui and Han (2007)]. Somatic and espe-
cially germline transgene expression can be improved when
the transgenic DNAs are cotransformed with an excess of
carrier DNA, producing a less repetitive, more “complex” ar-
ray (Kelly et al. 1997).
Importantly, gene expression from repetitive genomic re-
gions can still be observed, suggesting that there are mech-
anisms that can antogonize silencing effects (Tseng et al.
2007). Multiple forward genetic screens in C. elegans have
indeed identified factors that act to counter silencing of genes
contained in repetitive sequences, based on screens for muta-
tions that alter gene expression from transgenes present in
tandemly repeated arrays (Hsieh et al. 1999; Grishok et al.
2005; Tseng et al. 2007; Fischer et al. 2013). In a classic study,
mutations in tam-1 (a RING finger/B-box factor) were found
to reduce the expression of transgenes organized in simple but
not complex repetitive arrays (Hsieh et al. 1999). Therefore,
tam-1 is an “antisilencing factor” that attenuates the context-
dependent silencing mechanism affecting multicopy tandem-
array transgenes in C. elegans. A subsequent study identified
mutations in another gene important for expression of repet-
itive sequences, lex-1, which genetically interacts with tam-1
(Tseng et al. 2007). LEX-1 encodes a protein containing an
ATPase domain and a bromodomain, both of which suggest
that LEX-1 associates with acetylated histones and modulates
chromatin structure. Hence, TAM-1 and LEX-1 are antisilenc-
ing factors that function together to influence chromatin struc-
ture and to promote expression from repetitive sequences.
Further studies found that tandem-array transgenes be-
come silenced in most mutants that cause enhanced exoge-
nous RNA interference (RNAi) (Simmer et al. 2002; Kennedy
et al. 2004; Fischer et al. 2013). Examples of gene inactiva-
tion known to cause increased transgene silencing and en-
hanced RNAi include the retinoblastoma-like gene lin-35
(Hsieh et al. 1999; Wang et al. 2005; Lehner et al. 2006),
the RNA-dependent RNA polymerase rrf-3 (Simmer et al.
2002), and the helicase gene eri-6/7 (Fischer et al. 2008).
Some of the silencing acting on repetitive DNA elements
(multicopy transgenes) depends on a complex interaction
between different small RNA pathways (Fischer et al. 2013).
Here,we identify a novel locus, pals-22 (protein containing
ALS2CR12 signature), whose loss confers a transgene-silencing
phenotype. pals-22 mutants display context-dependent
array silencing, affecting the expression of highly repeti-
tive transgenes butnot single-copy reporters. Animals lackingpals-
22 show locomotory defects and premature aging. pals-22 is a
member of a large family of divergent genes defined by
homology to the ALS2CR12 protein family (Interpro,
IPR026674; Panther, PTHR21707). The ALS2CR12 protein
family is specifically expanded in C. elegans, and pals gene
family members are clustered in the genome. We found that
transgene silencing on pals-22 mutants depends on a compo-
nent of the RNAi pathway, indicating that pals-22might act as
regulator of small RNA-dependent gene silencing.
Materials and Methods
Mutant strains
Strains were maintained by standard methods (Brenner
1974). The C. elegansmutant alleles used in this study were:





pals-22(ot723), pals-22(ot810), pals-22(ot811), rde-4(ne301)
(Tabara et al. 1999), and tam-1(cc567) (Hsieh et al. 1999).
Reporter and transgenic strains








gfp], and jySi37[pals-22::gfp]. pals-22::gfp reporters
(otEx7036 and otEx7037) were generated using a PCR
fusion approach (Hobert 2002). Genomic fragments were
fused to the GFP coding sequence, which was followed by
the unc-54 39-UTR. See Supplemental Material, Table S1
in File S1 for transgenic strain names and microinjection
details.
Forward genetic screens
Standard ethyl methanesulfonate (EMS) mutagenesis was
performed on the fluorescent transgenic reporter strain,
otIs381[ric-19prom6::NLS::gfp], and !60,000 haploid ge-
nomes were screened for expression defects with an auto-
mated screening procedure (Doitsidou et al. 2008) using the
Union Biometrica COPAS FP-250 system. The mutant allele
pals-22(ot723) was identified in an independent manual
clonal screen for changes in reporter expression in neurons
of otIs381[ric-19prom6::NLS::gfp] after EMS mutagenesis.
ot723, ot810, and ot811 were the only three mutations de-
rived from screens with otIs381[ric-19prom6::NLS::gfp]. To
identify the causal genes of the mutants obtained, we per-
formed Hawaiian single-nucleotide polymorphism mapping
and a whole-genome sequencing pipeline (Doitsidou et al.
2010; Minevich et al. 2012).
Microscopy
Worms were anesthetized using 100 mM sodium azide
(NaN3) and mounted on 5% agarose pads on glass slides.
All images (except Figure 3, B, C, and E and Figure S1C in
File S1) were acquired as Z-stacks of!1 mm-thick slices with
the Micro-Manager software (Edelstein et al. 2010) using the
Zeiss Axio Imager.Z1 automated fluorescence microscope
(Zeiss [Carl Zeiss], Thornwood, NY). Images were recon-
structed via maximum intensity Z-projection of 2–10 mm
Z-stacks using the ImageJ software (Schneider et al. 2012).
Images shown in Figure 3, B, C, and E and Figure S1C in File S1
were acquired using a Zeiss confocal microscope (LSM880).
Several Z-stack images (each !0.4 mm thick) were acquired
with the ZEN software. Representative images are shown fol-
lowing orthogonal projection of 2–10 mm z-stacks.
Single-molecule FISH (smFISH)
smFISH was done as previously described (Ji and van
Oudenaarden 2012). Samples were incubated overnight
at 37! during the hybridization step. The ric-19 and gfp
probes were designed using the Stellaris RNA FISH probe
designer andwere obtained conjugated to Quasar 670 from
Biosearch Technologies.
Fluorescence quantification
Synchronized day 1 adult worms were grown on NGM plates
seeded with OP50 and incubated at 20!. The COPAS FP-250
system (Union Biometrica) was used to measure the fluores-
cence of 200–1000 worms for each strain. In Figures S2 and
S3 in File S1, ImageJ software was used to measure the fluo-
rescence intensity in the head of L4 worms (images obtained
in the Zeiss Axio Imager.Z1 automated fluorescence micro-
scope as described in Microscopy).
Bioinformatic analysis
The ALS2CR12 family protein phylogenetic tree was gener-
ated using MrBayes (Huelsenbeck and Ronquist 2001;
Ronquist and Huelsenbeck 2003). Default setting for
MrBayes were as follows: lset nst = 6, rates = invgamma,
and ngen increased until the standard deviation of split
frequencies was , 0.05. Input protein coding sequences
for ALS2CR12 protein family proteins were aligned with
M-Coffee (Wallace et al. 2006) using default settings. The
MrBayes tree figure was rendered with FigTree (http://
tree.bio.ed.ac.uk/software/figtree/). TheALS2CR12signature
logo was generated using Skylign.org (Wheeler et al. 2014)
from the PANTHER database (http://www.pantherdb.org/)
(Mi et al. 2013, 2017) HMM profile PTHR21707.SF42.
RNAi by feeding
RNAi was performed as previously described with minor
adaptations (Kamath and Ahringer 2003). L4-stage her-
maphrodite worms were placed onto NGM plates contain-
ing seeded bacteria expressing dsRNA for each assayed
gene. After 24 hr at 20!, adults were removed. After a fur-
ther 36–40 hr at 20!, phenotypes were scored blindly.
Swim analysis
The swimming assay was performed using the CeleST pro-
gram as previously described (Restif et al. 2014). In brief, we
transferred five (day 1) adult hermaphrodites into 50 ml M9
buffer located in a 10-mm staggered ring on a glass slide. A
30-sec dark-field video (18 frames per second) was immedi-
ately recorded via StreamPix 7. Multiple features of the swim
behavior were then analyzed using CeleST (Restif et al.
2014). Graphpad Prism 6 was used for data plotting and
statistics.
Crawling assay
We washed !30 day 1 adult hermaphrodites into M9 buffer
(containing 0.2% BSA to prevent worms sticking to plastic
tips) via low-speed centrifuging. We transferred these worms
(in 20 ml volume) to a NGM agar plate (60 mm). After the
liquid was completely absorbed and most animals were sep-
arated from each other, we started a 30-sec video recording





(20 frames per second). The video was processed on ImageJ
and analyzed via wrMTrck plugin (Nussbaum-Krammer et al.
2015). The crawling paths were generated in ImageJ.
Age pigment assay
Age pigments of day 5 adult hermaphrodite (Gerstbrein et al.
2005) were captured via Zeiss LSM510 Meta Confocal Laser
Scanning Microscope (excitation: Water cooled Argon laser
at 364 nm; emission: 380–420 nm). The auto-fluorescence
intensity was quantified in ImageJ.
Life span
Synchronizedwormswerepicked at the L4 stage, and fedwith
OP50-1 bacteria on a 35 mm NGM agar plate (12 worms per
plate, !100 animals initiating each trial). Before the end of
reproductive phase, animals were transferred into a new
plate every 2 days to keep adults separated from progeny.
Immobile animals without any response to touch were
counted as dead; bagged wormswere also counted as deaths;
and animals crawling off the NGM agar were counted as lost
and were excluded from analysis.
Data availability
Strains are available upon request. File S1 contains four sup-
plemental figures, supplemental figure legends, and one sup-
plemental table.
Results
pals-22 mutants show a transgene-silencing phenotype
Based on our long-standing interest in studying the regulation
of pan-neuronal gene expression (Stefanakis et al. 2015), we
sought to use genetic mutant screens to isolate factors that
control the expression of pan-neuronally-expressed reporter
transgenes. One screen that we undertook used a regulatory
element from the pan-neuronally-expressed ric-19 locus,
fused to gfp (otIs381[ric-19prom6::NLS::gfp]) (Stefanakis et al.
2015). We identified three independent mutant alleles, ot723,
ot810, and ot811, in which expression of ric-19prom6::NLS::gfp
was reduced throughout the nervous system in all animals
examined (Figure 1, A and B). Using our previously described
whole-genome sequencing and mapping pipeline (Doitsidou
et al. 2010; Minevich et al. 2012) we found that all three
mutations affect the same locus, C29F9.1 (Figure 2, A and
B), which we named pals-22 for reasons that we explain
further below. The ric-19prom6::NLS::gfp expression defect
of pals-22(ot811) can be rescued by a fosmid (WRM0616DC09)
encompassing the pals-22 locus plus neighboring genes, as well
as a genomic fragment that only contains the pals-22 locus
(791 bp upstream of the start codon to the stop codon and
its 39-UTR) (Figure 2C). Both ot810 and ot811 alleles carry
early nonsense mutations and are therefore predicted to be
null alleles (Figure 2B).
pals-22 mutants display reduced GFP expression of two
separate ric-19prom6::NLS::gfp integrated reporter transgenes
(Table 1). However, smFISH against endogenous ric-19
transcripts failed to detect effects on the endogenous ric-19
expression (Figure 1C). Since the two ric-19 reporter trans-
genes that are affected by pals-22 are repetitive, “simple”
arrays, we considered the possibility that pals-22 may
encode a transgene-silencing activity. To test this notion,
we examined the expression of a wide range of reporter
transgenes in pals-22-deficient mutants (summarized in
Table 1). Six additional simple arrays with widely different
cellular specificities of expression (pan-neuronal, dopami-
nergic neurons, ventral cordmotorneurons, andmuscle) are
also silenced in pals-22mutants (Figure 3 and Table 1). Two
of these arrays, myo-3::gfp (ccIs4251) and cat-2prom::gfp
(otIs251), were previously shown to be silenced by loss of
tam-1, a “classic” transgene silencer mutation (Hsieh et al.
1999) (M. Doitsidou and O. Hobert, unpublished data) (Fig-
ure 3). We quantified the magnitude of the pals-22(ot811)
effect on expression of simple array reporters by acquiring
fluorescence intensity information from a synchronized worm
population using a COPAS FP-250 system (Union Biometrica;
“worm sorter”). At the L4 larval stage, we observed a 76% re-
duction in green fluorescence intensity for ric-19prom6::NLS::gfp,
66% reduction formyo-3::gfp, 32% reduction for cat-2prom::gfp,
and 42% reduction in red fluorescence intensity for
rab-3prom1::NLS::rfp (Figure 1B and Figure 3, B, D, and E).
We also analyzed the expression of complex arrays (tan-
demly repeated transgenes with a less repetitive structure)
and single-copy reporter transgenes in pals-22mutants (sum-
marized in Table 1). One complex array transgene was
silenced (unc-11p8::gfp, Table 1) but others were not
(ric-4fosmid::yfp and cho-1fosmid::yfp, Table 1 and Figure
S1A in File S1). Perhaps the much smaller reporter frag-
ment unc-11p8::gfp generated more repetitive structures
even in the context of “complex” arrays than the larger
fosmid-based reporters. Two single-copy insertions and
one endogenously-tagged gene were not affected by mu-
tations in pals-22 (Figure S1, B and C in File S1).
Similar to previously characterized transgene-silencing
mutants, such as tam-1 (Hsieh et al. 1999), the reduction of
reporter expression is temperature sensitive. However, the
direction of the sensitivity is inverted as compared to the
tam-1 case: the decrease in ric-19prom6::NLS::gfp expression
is most pronounced at 15!, while the effect is milder at 25!
(Figure S2 in File S1). We also found stage-dependent
variability: the decrease in transgene reporter expression is
stronger as the animals develop, from mild differences in
expression in early stages of development to more obvious
defects at later stages (Figure S3 in File S1).
PALS-22 is a broadly expressed, cytoplasmically
located protein
To analyze the expression pattern of pals-22, we fused the
entire locus (including 791 bp of all intergenic 59 sequences
and all exons and introns) to gfp (Figure 4A). This reporter
construct fully rescues the transgene-silencing phenotype of
pals-22(ot811)mutants (Figure4B).Thepals-22gene is expressed
in a broad set of tissues: nervous system (pan-neuronal),





body wall and pharyngeal muscle, gut, and hypodermal
cells (Figure 4C). A single copy, chromosomal integrant of
this translational reporter, generated by MosSCI (kindly
provided by E. Troemel), shows a similar expression pattern
(Figure 4D). Both the rescuing, translational multicopy
reporter transgene, as well as the single-copy integrant,
revealed a strong if not exclusive enrichment in the cyto-
plasm and appears to be excluded from the nucleus in most
tissues (Figure 4, C and D). However, we cannot exclude
the possibility that the nucleus contains a low amount of
functional PALS-22 protein. The cis-regulatory informa-
tion that controls broad pals-22 gene expression appears
to be located in the 59 intergenic regions, since a tran-
scriptional reporter that only contains 791 bp of the 59
intergenic region of pals-22, fused to GFP, displays the
same broad tissue distribution as the translational reporter
(Figure 4E).
pals-22 is a member of an unusual C. elegans
gene family
Analysis of the PALS-22 protein sequence revealed that it is
a member of the previously completely uncharacterized
ALS2CR12 protein family. This family is defined by a se-
quence signature in the InterPro (https://www.ebi.ac.
uk/interpro/; family IPR026674) (Finn et al. 2017) and
Panther (http://www.pantherdb.org/; family PTHR21707)
(Mi et al. 2013, 2017) databases, hence the name “PALS” for
protein containing ALS2CR12 signature. The ALS2CR12
Figure 1 Loss of pan-neuronal reporter gene expres-
sion in pals-22 mutants. (A) The ric-19prom6::NLS::gfp
transcriptional reporter is brightly expressed in all
neurons in wild-type (WT) N2 worms, with a nuclear
localization. In pals-22(ot723), pals-22(ot810), and
pals-22(ot811) mutants, expression is reduced through-
out the nervous system. All images correspond to
L4 worms. Bar, 50 mm. (B) Fluorescence profiles of a
representative individual day 1 adult worm expressing
ric-19prom6::NLS::gfp in WT (black line) or pals-22(ot811)
mutant background (red line) obtained with a COPAS
FP-250 system. Time of flight indicates worm length,
with lower values corresponding to the head of the
worms. a.u., arbitrary units. Inset bar graph displays
quantification of total fluorescence intensity averaged
over 500 animals analyzed by COPAS. The data are
presented as mean + SEM. Unpaired t-tests were per-
formed for pals-22(ot811) compared to WT; *** P ,
0.001. (C) WT (left), pals-22(ot810) (middle), and pals-
22(ot811) (right) images of the anterior part of L3
worms showing equal ric-19 mRNA levels in control
and mutant worms as assessed by single-molecule fluo-
rescence in situ hybridization. Individual transcripts
shown as purple dots in top and as black dots in bottom
panels. GFP expression of the reporter transgene is
shown in green. At least 20 animals examined for each
genotype displayed indistinguishable staining. Bar, 10 mm.





sequence signature is comprised of a 404 amino acid po-
sition weight matrix modeled from an alignment of the
human ALS2CR12 protein (Hadano et al. 2001) and 27 homo-
logs (Figure S4A in File S1). No biochemical or cellular function
has yet been assigned to the human ALS2CR12 protein or
any of its homologs in other organisms.
Curiously, while there is only one member of this protein
family in mouse and human, the number of ALS2CR12 pro-
tein family members is expanded to a total of 39 distinct
proteins in C. elegans (Figure 5A and Table 2). In striking
contrast, Drosophila seems to be completely devoid of
ALS2CR12 family proteins. The 39 C. elegans PALS proteins
Figure 2 pals-22 codes for a protein with an ALS2CR12 signature. (A) Single-nucleotide polymorphisms from Hawaiian wild C. elegans strain CB4856
mapping plots obtained from whole-genome sequencing of the following mutant alleles: pals-22(ot810) (top row), pals-22(ot811) (middle row), and
pals-22(ot723) (bottom row). (B) Schematic of pals-22 gene locus with mutant allele annotation. (C) pals-22 rescue data. %WT = % percent animals
that express the ric-19 reporter strongly (as in wild-type animals). %MUT = % percent animals that express the ric-19 reporter more weakly than wild-
type.1 otIs381 = ric-19prom6::NLS::gfp. 2 WRM0616DC09 fosmid.





are very divergent from one another, as reflected in Table 2,
with similarity scores of PALS-22 compared to other PALS
proteins and reflected in Figure S4B in File S1 with a se-
quence alignment of PALS-22 with its closest paralogues.
Besides poor paralogy, there is also poor orthology. For ex-
ample, BLAST searches with PALS-22 picks up no sequence
ortholog in C. briggsae, and the best homolog from another
species (C. brenneri, CBN22612) is less similar to PALS-22
than some of the C. elegans PALS-22 paralogs.
The expansionofC. elegansALS2CR12 signature-containing
proteins appears to be nematode species-specific, as C. briggsae
only contains eight predicted proteins with the ALS2CR12
sequence signature; other nematodes also contain signifi-
cantly less ALS2CR12 family proteins (Figure 5A). Such
C. elegans-specific gene expansion is highly unusual, as
shown in Figure 5B. Among 3874 Panther protein families
analyzed, 2759 (71.2%) are present in the same number of
genes in both C. elegans and C. briggsae, 128 (3.3%) protein
families are present only in C. elegans, while 74 (1.9%) are
present only in C. briggsae. Most of the remaining families
are only slightly enriched in one species or the other. Just
10 protein families (0.3%) are enriched five times or more in
C. elegans vs. C. briggsae (Figure 5B). Most of these families
contain uncharacterized genes, even though many of them
contain human and vertebrate orthologs. Among them, the
ALS2CR12 family has not only a noteworthy enrichment,
but it also constitutes the family with the largest absolute
number of genes (Figure 5B).
As perhaps expected from a species-specific expansion, the
C. elegans pals genes are genomically clustered (Figure 6).
Fourteen genes are clustered in chromosome I (position I:
17.22 cM); while three clusters with seven genes
(III:221.90 cM), four genes (III:226.98 cM), and three
genes (III: 23.18 cM) are present in chromosome III; and
lastly, four genes are clustered in chromosome V (V: 4.22)
(Figure 6 and Table 2). Taking into account the C. elegans-
specific family expansion, it is not surprising to find a total
lack of conservation in the regions encompassing most of
the pals clusters (Figure 6). Only one cluster on chromosome
V shows some degree of conservation among other nematode
species. Genes surrounding these regions are conserved, sug-
gesting recent gene duplications in the nonconserved areas.
The low conservation region in cluster III: 221.90 cM, con-
tains many additional, nonconserved genes that are largely
expanded in a nematode-specific manner, namely the previ-
ously analyzed fbxa genes (Thomas 2006).
Local gene duplications seem a plausible mechanism
for the origin of the expanded C. elegans pals gene family.
Consequently, we reasoned that pals genes within the same
cluster should be more similar among each other than to
other pals genes. To explore this possibility, we built a phylo-
genetic tree to visualize the phylogenetic relationships be-
tween pals genes (Figure 5C). We included all C. elegans pals
genes plus orthologs from C. briggsae, C. remanei, C. brenneri,
mouse, and human (based on presence of InterPro IPR026674).
As expected, pals genes within the same cluster have a closer
phylogenetic relationship, suggesting a shared origin.
According to modENCODE expression data (Celniker et al.
2009), most of the genes within each cluster are expressed in
the same stage (e.g., all genes clustered in chromosome I
are only found in L4 males), suggesting related functions
(Table 2). Perhaps most intriguingly, though, out of just a
few hundred significantly enriched genes, themajority of pals
genes become upregulated upon exposure to specific patho-
gens, specifically the exposure to intracellular fungal patho-
gen (microsporidia) or by viral infection (Bakowski et al.
2014; Chen et al. 2017). Induction of pals gene expression
is also observed upon various other environmental insults
Table 1 pals-22 effects on transgene reporter expression
Array Type Construct Expression Pattern
Relative Intensities of Reporters
Wild-Type pals-22a
Simple array ric-19prom6::gfpb Pan-neuronal +++ +
myo-3p::gfp Body-wall muscle ++++ +
cat-2prom::gfp Dopaminergic neurons ++++ ++
rab-3prom1::rfp Pan-neuronal +++ +
unc-3p::mCherry Cholinergic neurons ++++ ++
tdc-1p::yfp RIC and RIM neurons ++ +
ric-4p26::yfpc Neuronal ++++ +
Complex array unc-11p8::gfp Pan-neuronal +++ +
cho-1fosmid::yfp Cholinergic neurons ++ ++
ric-4fosmid::yfp Pan-neuronal ++ ++
Single copy lin-4p::yfp Ubiquitous ++ ++
myo-3p::mRuby Pharyngeal muscle ++ ++
None (endogenous tag) che-1::gfp ASE neurons + +
Transgene expression in wild-type and pals-22 mutants. See Table S1 in File S1 for details on transgenic arrays. Number of plus signs (+) indicates the relative intensity of GFP
fluorescence. At least 50 animals examined for each genotype. Unless otherwise indicated, all simple and complex arrays correspond to stable genome integrated transgenes.
Single-copy reporters were generated by miniMos. GFP tagging of the che-1 locus was achieved using clustered regularly interspersed short palindromic repeats/Cas9
technology.
a pals-22(ot811) mutant background.
b otIs381 and otIs380 strains (independently integrated lines).
c Extrachromosomal array.





(exposure to toxic compounds) (Cui et al. 2007) (summa-
rized in Table 2). Several fbxa genes present in the low con-
servation region in cluster III: –21.90 cM, also become
upregulated upon exposure to microsporidia or by viral in-
fection (Bakowski et al. 2014; Chen et al. 2017).
Somatic transgene silencing in pals-22 mutants requires
rde-4-dependent small RNAs
We examined whether two pals-22 paralogs, pals-19 and
pals-25 , may also be involved in transgene silencing. Both
genes show significant sequence similarity to pals-22 (Table
2), and one (pals-25 ) is directly adjacent to pals-22 (Figure 6).
We tested whether two nonsense alleles generated by the Mil-
lionMutant Project, pals-19(gk166606) and pals-25 (gk891046)
(Thompson et al. 2013), silence the ric-19prom6::NLS::gfp and
myo-3 ::gfp multicopy transgenes. Neither array shows obvious
changes in expression in pals-19 or pals-25 mutant backgrounds
(data not shown).
To further pursue the role of pals-22 in transgene silencing,
we considered previous reports on transgene silencer muta-
tions. Several genes with transgene-silencing effects are
known to be involved in modifying chromatin (Cui and Han
2007). However, the cytoplasmic enrichment of PALS-22 de-
scribed above argues against a direct role in controlling chro-
matin architecture (although, a function in the nucleus
cannot be ruled out). Nevertheless, we do find that pals-22
affects transgene silencing at the mRNA level. smFISH
against gfp mRNA shows that silenced gfp transgenic arrays
display a significantly reduced number of transcripts in pals-22
mutants (Figure 7A). Reduced transcript levels can be
Figure 3 pals-22 mutants show silencing of several multicopy arrays. (A)
The myo-3 prom::gfp transcriptional reporter is brightly expressed in all
body muscles in wild-type (WT) N2 worms, with a combination of mito-
chondrial and nuclear localization. In pals-22(ot810 ), pals-22(ot811), and
tam-1(cc567 ) mutants, a generalized reduction in GFP fluorescence is
observed. All images correspond to L4 worms. Bar, 50 mm. (B) Fluores-
cence profile of a representative individual day 1 adult worm expressing
myo-3 prom::gfp in WT (black line) or pals-22(ot811) mutant background
(red line) obtained with a COPAS FP-250 system. Time of flight indicates
worm length, with lower values corresponding to the head of the worms.
a.u., arbitrary units. Inset bar graph displays quantification of total
fluorescence intensity averaged over 1000 animals analyzed by COPAS.
The data are presented as mean + SEM. Unpaired t-tests were performed
for pals-22(ot811) compared to WT; *** P , 0.001. (C) GFP images
showing silencing of cat-2prom::gfp expression in the head of pals-22
(ot811) mutants (right) compared to WT L4 worms (left). The cat-2prom::gfp
transcriptional reporter is expressed in all dopamine neurons: CEPD, CEPV,
and ADE in the head, and PDE in the posterior midbody (top right insets).
Bar, 10 mm. (D) Fluorescence profile of a representative individual day 1 adult
worm expressing cat-2prom::gfp in WT (black line) or pals-22(ot811) mutant
background (red line) obtained with a COPAS FP-250 system. Time of flight
indicates worm length, with lower values corresponding to the head of the
worms. a.u., arbitrary units. Inset bar graph displays quantification of total
fluorescence intensity averaged over 1000 animals analyzed by COPAS.
The data are presented as mean + SEM. Unpaired t-tests were performed
for pals-22(ot811) compared to WT; *** P , 0.001. (E) Red fluorescent
protein images showing silencing of rab-3 prom1::rfp expression in the
head of pals-22(ot811) mutants (right) compared to WT L4 worms (left).
(F) Fluorescence profile of a representative individual day 1 adult worm
expressing rab-3 prom1::rfp in WT (black line) or pals-22(ot811) mutant
background (red line) obtained with a COPAS FP-250 system. Time of
flight indicates worm length, with lower values corresponding to the
head of the worms. a.u., arbitrary units. Inset bar graph displays quanti-
fication of total fluorescence intensity averaged over 1000 animals ana-
lyzed by COPAS. The data are presented as mean + SEM. Unpaired t-tests
were performed for pals-22(ot811) compared to WT; *** P , 0.001.





explained by transcriptional and/or post-transcriptional al-
terations and we therefore considered the possibility that
the effects of cytoplasmically enriched PALS-22 protein on
transcript levels may be controlled by intermediary factors.
Small interfering RNAs can affect gene expression both at
the transcriptional or post-transcriptional level (Zamore
et al. 2000; Elbashir et al. 2001; Le Thomas et al. 2013),
and through a genetic epistasis test, we asked whether pals-22
requires small RNAs for its function. To this end, we turned to
rde-4 mutant animals. The dsRNA-binding protein RDE-4
initiates gene silencing by recruiting an endonuclease to
process long dsRNA into short dsRNA and is involved in
exogenous as well as endogenous RNAi pathways (Tabara
et al. 2002; Parker et al. 2006; Gent et al. 2010; Vasale et al.
Figure 4 PALS-22 is a broadly expressed, cytoplasmically enriched protein. (A) Schematic of pals-22 transcriptional and translational GFP reporters. The
gfp reporter is followed by the 39-UTR from the unc-54 gene. (B) PALS-22::GFP (right) rescues the expression of unc-3prom::mChOpti in pals-22(ot811)
mutants (left). At least 50 animals were examined for each genotype. (C) Expression of the pals-22::gfp translational reporter (otEx7037) is shown in
green in the head (left) in a representative hermaphrodite L4 worm. High-magnification images in black and white for the head (middle) and tail (right)
show PALS-22 cytoplasmic enrichment. Nuclear pan-neuronal rab-3prom1::rfp expression is shown in red on the background. Two distinct extrachro-
mosomal arrays show the same pattern. (D) Expression of the pals-22::gfp MosSCI insertion (jySi37) is shown in black and white in the head (left panel),
midbody (second panel), and tail (third panel) in a representative hermaphrodite L4 worm. Red arrows point to individual, isolated neuron cell bodies
where cytoplasmic localization is particularly evident. (E) Expression of the pals-22prom::gfp transcriptional reporter (otEx7036) is shown in green in the
head (left panel), midbody (second panel), and tail (third panel) in a representative hermaphrodite L4 worm; and in the male tail (right panel). Nuclear
pan-neuronal rab-3prom1::rfp expression is shown in red on the background. Three distinct extrachromosomal arrays show the same pattern. Bar, 20 mm
(B, C, and E), 5 mm ((B), high-magnification images), and 50 mm (D).





2010). We find that loss of rde-4 completely suppresses the
pals-22 mutant phenotype (Figure 7, B and C). This result
might be in contrast with previous reports showing that
rde-4 can also act as a transgene antisilencing factor (Fischer
et al. 2013). Interestingly, we find that ric-19 prom6 ::NLS::gfp
expression increases in the rde-4 (ne301) alone background,
in agreement with previous studies suggesting a background
level of transgene silencing inwild-typeworms (Mello and Fire
1995; Lehner et al. 2006). Although rde-4 could also play other
roles in gene expression independently of siRNA production,
our result suggests that the gene silencingmediated by pals-22
deficiency requires the production of small dsRNAs.
Figure 5 Sequence and genomic analysis of pals gene family in
C. elegans and other species. (A) Number of genes member
of the ALS2CR12 protein family as predicted by InterPro
(IPR026674) and/or Panther (PTHR21707). (B) Graph representing
the C. elegans to C. briggsae Panther protein family frequency for
protein families enriched in C. elegans (blue), C. briggsae to
C. elegans ratio for protein families enriched in C. briggsae
(orange), or white for Panther protein families predicted to occur
in the same number of genes in both species. Boxes indicate the
gene counts for highly enriched protein families in C. elegans.
ALS2CR12 family (Panther protein family PTHR21707) is high-
lighted in red. The number of Panther protein family hits for
the C. elegans and C. briggsae genome were obtained from
WormBase. (C) Phylogram of ALS2CR12 family-containing genes,
including C. elegans paralogs and orthologs from C. briggsae,
C. remanei, C. brenneri, human, and mouse. Node values indicate
posterior probabilities for each split as percent. The scale bar
indicates average branch length measured in expected substitu-
tions per site. #, number; Cb, C. briggsae; Ce, C. elegans; LG,
linkage group.





Transgene-silencing phenotypes have been observed
in mutants that affect multiple distinct small RNA path-
ways, and exogenous RNAi responses are often en-
hanced in these mutants (Simmer et al. 2002; Lehner
et al. 2006; Fischer et al. 2013). Thus, we tested whether
pals-22(ot811) shows an enhanced exogenous RNAi re-
sponse. Using rrf-3 (pk1426 ) as a positive control (Simmer
et al. 2002), we detect enhanced dpy-13 or cel-1 RNAi phe-
notypes in pals-22(ot811) (dsRNA delivered by feeding;
Figure 7D). We conclude that pals-22 physiological function
might be related to the regulation of RNAi-dependent
silencing, via a mechanism critical to its action as an anti-
silencing factor.
Locomotory and aging defects of pals-22
mutant animals
The loss of pals-22 has striking physiological consequences.
Since casual observation of pals-22 mutants indicates defects
in locomotion, we quantified these defects, by measured
swimming behavior (Restif et al. 2014) and crawling activity,
comparing wild-type, pals-22(ot810 ), pals-22(ot811), and
pals-22(ot811) carrying a wild-type copy of pals-22 on an















LGI pals-1 F15D3.8 WBGene00008858 I:9.26 34.9 Yes Broad
pals-2 C17H1.3 WBGene00007656 I:17.22 45.2 Yese Male L4
pals-3 C17H1.4 WBGene00007657 I:17.22 39.2 Yese Male L4
pals-4 C17H1.5 WBGene00007658 I:17.22 40.5 Yes Male L4
pals-5 C17H1.6 WBGene00007659 I:17.22 35.4 Yes Male L4
pals-6 C17H1.7 WBGene00007660 I:17.22 46.8 Yes Male L4
pals-7 C17H1.8 WBGene00007661 I:17.22 39.3 Yese Male L4
pals-8 C17H1.9 WBGene00007662 I:17.22 41.1 Yese Male L4
pals-9 C17H1.10 WBGene00044237 I:17.22 34.9 Yes Male L4
pals-10 C17H1.11 WBGene00044711 I:17.22 8.4 Male L4
pals-11 C17H1.13 WBGene00044708 I:17.22 38.5 Yes Male L4
pals-12 C17H1.14 WBGene00044709 I:17.22 46.4 Yes Male L4
pals-13 Y26D4A.8 WBGene00012505 I:17.22 43.5 Male L4
pals-14 F22G12.1 WBGene00009061 I:17.22 41.3 Yes Male L4
pals-15 F22G12.7 WBGene00044707 I:17.22 41.7 Yes Male L4
LGIII pals-16 Y82E9BR.4 WBGene00022337 III:221.90 37.7 Broad
pals-17 Y82E9BR.13 WBGene00022346 III:221.90 30 3e205 Yes Broad
pals-18 Y82E9BR.21 WBGene00022353 III:221.90 29.2 Broad
pals-19 Y82E9BR.23 WBGene00044761 III:221.90 30.6 3e205 Broad
pals-20 Y82E9BR.25 WBGene00194746 III:221.90 27.5 Low
pals-21 Y82E9BR.32 WBGene00255597 III:221.90 20.7 3e212 Low
pals-40 Y82E9BR.11 WBGene00022344 III:221.90 24 4e206 Yes Low
pals-22 C29F9.1 WBGene00016216 III:226.98 32.7 0.0 Broad
pals-23 C29F9.3 WBGene00016218 III:226.98 34.7 6e205 Broad
pals-24 C29F9.4 WBGene00016219 III:226.98 35.7 2e210 Broad
pals-25 T17A3.2 WBGene00020540 III:226.98 34.7 2e206 Broad
pals-26 B0284.1 WBGene00007131 III:23.18 49.2 Yes Broad
pals-27 B0284.2 WBGene00007132 III:23.18 48.2 Yese Broad
pals-28 B0284.4 WBGene00007134 III:23.18 48 Yese Male L4
LGIV pals-29 T27E7.6 WBGene00012091 IV:12.20 48.4 7e205 Yes Male L4 + dauer
pals-30 Y57G11B.1 WBGene00013294 IV:12.23 48.9 3e204 Yes Broad
LGV pals-31 F48G7.2 WBGene00018614 V:219.97 25.6 Yes Broad
pals-32 C31B8.4 WBGene00016281 V:212.86 43.7 9e205 Yese Male L4 + dauer
pals-33 W08A12.4 WBGene00021081 V:28.24 52 Yese Male L4 + dauer
pals-34 F26D11.6 WBGene00017823 V:0.98 19.1 broad
pals-36 f C54D10.12 WBGene00044787 V:4.22 55.4 2e204 Yes Male L4 + dauer
pals-37 C54D10.14 WBGene00138721 V:4.22 87.3 Yese Male L4 + dauer
pals-38 C54D10.8 WBGene00008302 V:4.22 48.1 Yese Male L4 + dauer
pals-39 C54D10.7 WBGene00008301 V:4.22 48.5 2e205 Yes Male L4 + dauer
Protein family assignments made by either Interpro (IPR026673) or Panther (PTHR21707), v9.0. A newer release of Panther does not include pals-7 , 10 , or 11 in the
ALS2CR12 family, yet the sequence similarity of these genes to neighboring pals genes is clear. WB Gene ID, WormBase gene identifier.
a Protein size of largest predicted isoform.
b PSI Blast e-value. Similarities only above e204 threshold are shown.
c Twenty-eight pals genes upregulated in response to microsporidial and/or viral infection according to Bakowski et al. (2014) and Chen et al. (2017) (out of 218 significantly
upregulated genes).
d According to Celniker et al. (2009).
e Ten pals genes upregulated after cadmium exposure according to Cui et al. (2007) (out of 237 significantly upregulated genes).
f Possibly a pseudogene.





extrachromosomal array (Figure 8). Day 1 adult pals-22
mutants show a poor performance in swimming assays as
evaluated by multiple parameters, including low wave ini-
tiation rate (akin to thrash speed), travel speed (distance
moved over time), brush stroke area (area covered in unit
time), and activity index (Figure 8A). On agar plates
animal movement was also clearly impaired, displaying
significantly decreased traveling speed (Figure 8B). All
locomotory defects were rescued by the pals-22(+) extra-
chromosomal array.
Apart fromthe locomotorydefects,wealsonotedabnormal
survival of pals-22 mutants. Using standard life span assays,
we observed premature death of pals-22mutants, commenc-
ing at about day 10 of adulthood (Figure 8C). We also find
that 5-day-old adult animals display a signature change in
aging, namely increased age pigment in the gut of adult
Figure 6 C. elegans pals genes are clustered and these clusters are poorly conserved. Schematics of different C. elegans genomic regions adapted from
the University of California, Santa Cruz Genome Browser (https://genome.ucsc.edu/). One isoform per gene is shown. pals genes are indicated in red
and fbxa genes in blue. The following regions are shown: chromosome I, cluster at position 17.22 cM, chrI: 13,099,564–13,160,497 bp; chromosome
III, cluster at position 221.90 cM, chrIII: 1,215,665–1,423,550 bp; chromosome III, cluster at position 226.98 cM, chrIII: 89,907–159,962 bp;
chromosome III, cluster at position 23.18 cM, chrIII: 4,368,479–4,405,090 bp; and chromosome V, cluster at position 4.22 cM, chrV: 12,427,096–
12,462,015 bp. Chr; chromosome; LG, linkage group.





worms (Figure 8D). In light of these premature aging pheno-
types, we surmise that the locomotory defects described
above may also be an indication of premature aging.
Discussion
We have described here a large, unusual gene family in
C. elegans. In the context of whole-animal transcriptome pro-
filing under different conditions, expression of members of
the pals gene family has previously been shown to be induced
upon various forms of cellular insults, ranging from exposure
to intracellular fungal infections, to viral infection, and to
toxic compound exposure (Cui et al. 2007; Bakowski et al.
2014; Chen et al. 2017). We define here a function for one of
the family members, pals-22, in controlling the silencing of
repetitive DNA sequences. Even though the biochemical func-
tion of PALS proteins is presently unclear, the upregulation
of many pals genes under conditions of cellular stress sug-
gest that this gene family may be part of a host defense
mechanism that protects animals from specific insults. The
C. elegans-specific expansion of pals genes may relate to
their potential function in fending off species-specific stres-
sors and/or encounters with species-specific pathogens.
The mutant phenotype of pals-22 as a transgene silencer,
as well as the dependence of this phenotype on small RNA
production, indicates that PALS-22 may control gene expres-
sion via small RNA molecules. A role of PALS-22 in control-
ling gene expression is also illustrated in a parallel study in
Figure 7 Somatic transgene silencing in pals-22 depends on the RNAi pathway. (A) Wild-type (left), pals-22(ot810) (middle), and pals-22(ot811) (right)
images of the anterior part of L3 worms showing reduced gfp mRNA levels in mutants compared to control wild-type worms as assessed by single-
molecule fluorescence in situ hybridization. Individual transcripts shown as purple dots in top and as black dots in bottom panels. GFP expression is
shown in green and DAPI staining is shown in blue. At least 20 animals were examined for each genotype. (B) Silencing of ric-19prom6::NLS::gfp in pals-
22(ot811) (top) is suppressed in pals-22(ot811);rde-4(ne301) double mutants (bottom). (C) Quantification of otIs381[ric-19prom6::NLS::gfp] fluorescence
intensity in wild-type, pals-22(ot811), pals-22(ot811);rde-4(ne301), and rde-4(ne301) mutants. The data are presented as mean + SEM. Unpaired t-test
(comparisons to WT), *** P , 0.001; n $ 950 for all genotypes. (D) Animals of the indicated genotype were grown on bacteria expressing dpy-13 or
cel-1 dsRNA (feeding RNAi). For dpy-13(RNAi) (top), progeny were scored for the percentage of animals having a dumpy body shape (Dpy). For cel-1
(RNAi) (bottom), the percentage of their progeny arresting at the L2 larval stage was determined. Wild-type otIs381[ric-19prom6::NLS::gfp] and rrf-3
(pk1426) mutants were used as negative and positive controls. The data are presented as mean + SEM among the data collected from at least
four independent experiments. Unpaired t-tests were performed for pals-22(ot811) and rrf-3(pk1426) compared to WT; * P , 0.05, ** P , 0.01,
and *** P , 0.001. Bar, 10 mm (A) and 50 mm (B). a.u., arbitrary units; RNAi, RNA interference; WT, wild-type.





Figure 8 pals-22 mutants show defective locomotion and early onset of aging traits. (A) Day 1 adult pals-22 mutants exhibit defective swimming
features, including decreased wave initiation (init) rate, travel speed, brush stroke, and activity index. pals-22(PCR_R) is the pals-22(ot811) mutant
carrying a wild-type copy of pals-22 on an extrachromosomal array amplified by PCR. Data shown are mean 6 SEM of each parameters, n = 30–35
(number indicated in each bar) from two independent experiments, **** P , 0.0001 (one-way ANOVA) compared to related control. (B) pals-22
mutants crawl slowly on agar plates. The left panel shows the crawling path of each animal in 30 sec. The right panel shows the mean6 SEM of average
crawling speed (millimeters per second) for day 1 adults from two independent experiments, n = !55 worms for each genotype, **** P, 0.0001 (one-
way ANOVA) compared to related control. (C) pals-22 mutants have shorter life spans compared to wild-type or pals-22(PCR_R). Survival study was
initiated with 96 worms (for each genotype) at L4 stage (day 0). Data shown is one represented trial of life span; two additional independent trials also
show similar changes of life span in pals-22 mutants, P , 0.0001 (Log-rank test), comparing the wild-type to mutants, or comparing pals-22(PCR_R)
against pals-22(ot811). (D) pals-22 mutants exhibit early accumulation of age pigment. The left panel shows representative pictures of age pigment
(excitation: 364 nm; emission: 380–420 nm). The right panel shows the mean 6 SEM of age pigment auto-fluorescence intensity of day 5 adults, n = 10
worms from each genotype, ns (not significant) or ** P , 0.01 (one-way ANOVA) compared to related control. A.U., arbitrary units.






which pals-22 has been found to be required for the proper
regulation of a battery of stress- and microsporidial infection-
induced genes, including many of the pals genes themselves
(Reddy et al. 2017). While the function of pals-22 in the RNAi
process is not clear, there are numerous examples of mutants
in which somatic transgene silencing is induced as a result of
an increase in RNAi sensitivity, including rrf-3, eri-1, lin-35,
and others (Simmer et al. 2002; Kennedy et al. 2004;
Kim et al. 2005; Wang et al. 2005; Lehner et al. 2006;
Fischer et al. 2008, 2011, 2013). A set of genes classically
linked to somatic transgene silencing are the class B synMuv
genes. synMuv B genes are so-called due to a synthetic phe-
notype found when mutations are combined with those in
synMuv A genes (Ferguson and Horvitz 1989). As pals-22-
defective worms, mutants for synMuv B genes show reduced
expression from repetitive DNA transgenes. While mutations
in some synMuv B genes do not result in transgene silencing
(e.g., lin-36) (Hsieh et al. 1999) it has been shown that
the silencing of repetitive transgenes in synMuv B mutants
results from an enhanced somatic cell RNAi (Wang et al.
2005; Lehner et al. 2006). Interestingly, tam-1 and lex-1 mu-
tants are genetically class B synMuvs; however, some synMuv
B mutant characteristics such as enhanced RNAi or defects
in P granule localization are not observed in tam-1 mutants,
while they still show a transgene-silencing phenotype (Wang
et al. 2005; Lehner et al. 2006; Tseng et al. 2007). This sug-
gests that they act through a different mechanism than other
synMuv B. While pals-22 animals present some overlapping
phenotypes with synMuv B genes, further analysis will reveal
in detail the mechanism for somatic transgene silencing in
pals-22 mutants. Intriguingly, since the expression levels per
copy of repetitive tandem arrays are much lower than for
endogenous genes, transgene-targeting siRNAs may be al-
ready abundant in wild-type transgenic strains, indicating
a background level of transgene silencing in wild-type worms
(Mello and Fire 1995). An interesting hypothesis to be tested is
that in a mutant, such as pals-22, these transgene-targeted
siRNAs may be reduced, perhaps because of a shift in the bal-
ance between the loading of transgene siRNAs into a silencing
Argonaute (e.g., NRDE-3) vs. an antisilencing Argonaute
(e.g., CSR-1) (Shirayama et al. 2012; Fischer et al. 2013).
The precise biochemical function of any PALS protein
remains obscure. The only notable sequence relationship
that we could find points to potential biochemical function
of the PALS proteins in proteostasis. One of the LGIII clusters
of pals genes (III:221.90 cM) also contains a large number of
fbxa genes, another large gene family specifically expanded
in C. elegans (Thomas 2006) (Figure 6). fbxa genes code for
F-box proteins that are involved in protein degradation
(Thomas 2006). One of the FBXA proteins in the LGIII cluster,
FBXA-138, displays sequence similarities to a number of dis-
tinct PALS proteins within and outside the LGIII pals cluster,
including PALS-22, PALS-23, PALS-32, PALS-25, and PALS-1.
Even though PALS proteins are not predicted to contain a
canonical F-box, it is conceivable that their distant sequence
relationship to F-box proteins may suggest a role of PALS
proteins in protein degradation. How, in the case of PALS-22,
such a functionmay relate to the control of gene expression via
small RNA molecules is not clear.
Although it is difficult to unambiguously distinguish
accelerated aging from general sickness, young adult pals-22
mutants clearly exhibit multiple features of aged animals:
impaired mobility, elevated age pigments/lipofuscin, and
shortened life span. Increased expression of repetitive se-
quences has been documented in aging C. elegans, Drosophila,
and humans, and has been suggested to contribute to genomic
instability and cell dysfunction (Sedivy et al. 2013); the phys-
iological effect of decreases in the expression of repetitive se-
quences has not been explored. However, we note that other
transgene-silencing mutants (which are also RNAi hypersensi-
tive), like rrf-3 and eri-1, do not display an aging defect (Zhang
et al. 2009; Ren et al. 2012). pals-22may therefore be involved
in novel aspects of small RNA-dependent gene silencing
that may control the expression of genes involved in animal
physiology.
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Microinjection conditions for transgenesis 









OH11062 otIs381 ric-19prom6::NLS::gfp 50 elt-2prom::DsRed2 50 Simple Promoter coordinates (–1, –147). Integrated in chromosome V. 1 
OH11061 otIs380 ric-19prom6::NLS::gfp 50 elt-2prom::DsRed2 50 Simple Promoter coordinates (–1, –147). Integrated in chromosome V. 1 
PD4251 ccIs4251 myo-3prom::gfp  dpy-20  Simple  2 OH8908 otIs251 cat-2prom::gfp 100 rgef-1prom::DsRed2 50 Simple  3 
OH10689 otIs355 rab-3prom1::NLS::tagrfp 50 - - Simple 
Promoter coordinates (+2921, –
1462). Integrated in chromosome 
IV. 
1 
OH11746 otIs447 unc-3prom::mChOpti 50 pha-1 50 Simple Promoter coordinates (-336, -558). 4 
OH14861 otIs644 tdc-1prom::ChR2::yfp 50 - 50 Simple  5 
OH14942 otEx6944 ric-4prom26::NLS::yfp 15 ttx-3prom::mChOpti 30 Simple Promoter coordinates (+5362, +6592). This study 
OH13606 otIs620 unc-11prom8::NLS::gfp 10 - - Complex Promoter coordinates (–775, –1067). This study 
OH10687 otIs353 ric-4
fosmid::SL2::NLS-
YFP-H2B 15 pha-1 2.5 Complex  1 
OH12543 otIs534 cho-1
fosmid::SL2::NLS-
YFP-H2B 15 pha-1 2.5 Complex  1 
OH15146 otTi32 lin-4prom::yfp     MiniMos strain. 6 
CA1208 ieSi60 myo-2prom::TIR1::mRuby     MiniMos strain. 7 
OH14130 ot856 gfp insertion in che-1 locus     CRISPR/Cas9 strain. 8 
OH14420 otEx6761 pals-22PCR 5 ttx-3prom::mChOpti 3 Complex Injected into pals-22(ot811);otIs381. This study 
OH14429 otEx6769 pals-22fosmid 10 myo-2prom::mChOpti 3 Complex 
Injected into pals-
22(ot811);otIs381. NotI digested 
WRM0616DC09 fosmid. 
This study 
OH15144 otEx7036 pals-22prom::gfp 5 pha-1 3 Complex pals-22 transcriptional reporter. Promoter coordinates (-1, -791). This study 
OH15145 otEx7037 pals-22prom::pals-22::gfp 5 pha-1 3 Complex pals-22 translational reporter. Promoter coordinates (-1, -791). This study 
ERT520 jySi37 pals-22prom::pals-22::gfp     
MosSCI insertion. 
Promoter coordinates (-1, -2001). 9 
 
* All strains were injected either in N2 or pha-1(e2123) background. For complex arrays, transgenes were injected with 100 ng/uL of sheared OP50 bacterial 
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SUPPLEMENTARY FIGURE LEGENDS 
 
Figure S1: pals-22 effect on complex and single copy reporters. 
(A) cho-1fosmid::yfp (cholinergic neurons) is equally expressed in wild-type (top) and pals-
22(ot811) mutant (bottom) worms. Complex array transgene. 
(B) che-1(ot856[che-1::gfp]) is equally expressed in wild-type (left) and pals-22(ot811) mutant 
(right) worms. Dotted outline: ASE neuron. Endogenously tagged locus using CRISPR/Cas9 
technology. 
(C) lin-4prom::yfp (ubiquitous) is equally expressed in wild-type (top) and pals-22(ot811) 
mutant (bottom) worms. Single copy miniMos strain. 
At least 50 animals examined for each genotype. Scale bars represent 50 µm (A and C) and 
10 µm (B). 
 
Figure S2: pals-22 effects are more apparent at 15 ºC. 
(A) ric-19prom6::NLS::gfp expression (pan-neuronal) in pals-22(ot811) mutant (right) compared 
to wild-type (left) is more reduced at 15 ºC (top) than at 20 ºC (middle) or 25 ºC (bottom). 
(B) Quantification of the data represented in (A). The data are presented as mean + SEM, 
normalized to the wild-type fluorescence at 25 ºC (fluorescence measured in the head 
region). Unpaired t-test, ***p < 0.001, **p < 0.01, *p < 0.05; n ≥ 7 for all conditions. 
 
Figure S3: pals-22 effects are more apparent in the adult. 
(A) ric-19prom6::NLS::gfp expression (pan-neuronal) in pals-22(ot811) mutant (right) compared 
to wild-type (left) is more severely affected in L4-stage worms (bottom) than in L1-stage 
worms (top). Scale bars represent 50 µm. 
(B) Quantification of the data represented in (A). The data are presented as mean + SEM, 
normalized to the wild-type fluorescence (fluorescence measured in the head region). 
Unpaired t-test, ***p < 0.001, **p < 0.01; n ≥ 8 for all conditions. 
 
Figure S4: Protein alignment of PALS orthologs.  
(A) ALS2CR12 signature logo. See Methods. Occupancy: the probability of observing a letter 








(B) PALS-22 and three PALS protein sequences from the LG III cluster (-26.98 cM), which 
are among the genes most closely related to PALS-22 (Table 2) were aligned with M-Coffee 
(Wallace et al. 2006) using default settings, demonstrating the low level of conservation for 






APPENDIX B: An atlas of Caenorhabditis elegans chemoreceptor expression 
 
CONTRIBUTION 
I contributed the bioinformatic analysis shown in Figure 4C for the following publication (Vidal et 
al. 2018). I used unsupervised hierarchical clustering of GPCR gene expression profiles in neurons to see 
if these genes cluster by neuron class.  I also computed intergenic distances and intron lengths for GPCR 
genes (see Hierarchical clustering of neurons by GPCR reporter expression and Upstream intergenic 
distances and intron length calculations in the methods section of the following publication).  
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Abstract
One goal of modern day neuroscience is the establishment of molecular maps that assign
unique features to individual neuron types. Such maps provide important starting points for
neuron classification, for functional analysis, and for developmental studies aimed at defin-
ing the molecular mechanisms of neuron identity acquisition and neuron identity diversifica-
tion. In this resource paper, we describe a nervous system-wide map of the potential
expression sites of 244 members of the largest gene family in the C. elegans genome, rho-
dopsin-like (class A) G-protein-coupled receptor (GPCR) chemoreceptors, using classic gfp
reporter gene technology. We cover representatives of all sequence families of chemore-
ceptor GPCRs, some of which were previously entirely uncharacterized. Most reporters are
expressed in a very restricted number of cells, often just in single cells. We assign GPCR
reporter expression to all but two of the 37 sensory neuron classes of the sex-shared, core
nervous system. Some sensory neurons express a very small number of receptors, while
others, particularly nociceptive neurons, coexpress several dozen GPCR reporter genes.
GPCR reporters are also expressed in a wide range of inter- and motorneurons, as well as
non-neuronal cells, suggesting that GPCRs may constitute receptors not just for environ-
mental signals, but also for internal cues. We observe only one notable, frequent association
of coexpression patterns, namely in one nociceptive amphid (ASH) and two nociceptive
phasmid sensory neurons (PHA, PHB). We identified GPCRs with sexually dimorphic
expression and several GPCR reporters that are expressed in a left/right asymmetric man-
ner. We identified a substantial degree of GPCR expression plasticity; particularly in the
context of the environmentally-induced dauer diapause stage when one third of all tested
GPCRs alter the cellular specificity of their expression within and outside the nervous sys-
tem. Intriguingly, in a number of cases, the dauer-specific alterations of GPCR reporter
expression in specific neuron classes are maintained during postdauer life and in some
case new patterns are induced post-dauer, demonstrating that GPCR gene expression may
serve as traits of life history. Taken together, our resource provides an entry point for func-
tional studies and also offers a host of molecular markers for studying molecular patterning
and plasticity of the nervous system.
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Maps of gene expression patterns in nervous systems provide an important resource for
neuron classification, for functional analysis, and for developmental studies that ask how
different neurons acquire their unique identities. By analyzing transgenic GFP reporter
strains, we describe here the expression pattern of 244 putative chemosensory receptor-
encoding genes, which constitute the largest gene family in Caenorhabditis elegans. As
expected, chemoreceptor expression is enriched in chemosensory neurons. Putative che-
moreceptors are also expressed in a wide range of interneurons and motor neurons, as
well as non-neuronal cells, suggesting that these receptors may sense internal cues in addi-
tion to environmental signals. Each chemoreceptor is expressed sparsely, often in just one
neuron type, but each neuron type can express many chemoreceptors. Chemoreceptor
expression is remarkably plastic, particularly in the context of the environmentally
induced dauer diapause stage. Taken together, this molecular atlas of chemosensory
receptors provides an entry point for functional studies and offers a host of markers for
studying neuronal patterning and plasticity.
Introduction
Molecular markers selectively expressed in individual neuron types represent invaluable tools
to understand how cellular diversity in a nervous system is genetically encoded. Molecular
markers that are constitutively and invariably expressed throughout the life of a specific neu-
ron type provide static views of neuronal identity and hence provide entry points to study how
invariable identity features are acquired during neuronal differentiation [1]. In contrast, some
molecular features of a neuron display a remarkable plasticity in that their expression may be
regulated by neuronal activity or in response to specific environmental cues. Such genes serve
as markers to understand the nature of the gene regulatory programs that govern such
dynamic features of a neuron. We reasoned that a significant expansion of the expression anal-
ysis of chemosensory G-protein-coupled receptors (GPCRs), initiated more than 20 years ago
[2] using gfp-based reporter gene technology [3], may yield a significantly expanded resource
of molecular markers that may label various aspects of neuronal identity and neuronal plastic-
ity in the C. elegans nervous system.
Animal genomes encode five major classes of GPCRs, of which the rhodopsin class (or
“class A”) is the largest class [4,5] (Table 1). Rhodopsin class GPCRs can be subdivided into
phylogenetically deeply conserved neurotransmitter receptors (neuropeptides, acetylcholine,
biogenic amines) as well as non-conserved, chemosensory-type GPCRs (csGPCRs) (Table 1).
The csGPCRs have independently expanded in distinct animal phyla where they serve to
respond to diverse, physiologically relevant external and, supposedly, internal cues [4,6,7]. The
genome of the nematode C. elegans encodes an exceptionally large battery of csGPCRs com-
posed of 1,341 protein-coding genes (Table 2) [2,7,8], a remarkable number given the small
size of its nervous system (302 neurons constituting 118 anatomically defined neuron classes)
[9]. These csGPCRs have been subdivided by sequence into families and super-families, as
summarized in Table 2 [2,7].
Wormbase contains expression data for 131 csGPCRs, however for only 76 of them the
expression site has been defined with single cell resolution (S1 Table). The majority of these 76
reporters revealed expression in chemosensory neurons [2]. Functional studies have linked a
small subset of these receptors to the sensation of specific environmental or pheromonal cues
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[12–21], but in the absence of concerted de-orphanization efforts like those seen in other
organisms [22,23], the number of receptors with assigned ligands is still remarkably low.
Intriguingly, a subset of the previously characterized csGPCR genes were also expressed in
non-sensory neurons [2,24–28], suggesting that these csGPCRs may also function as receptors of
internal ligands of unknown identity. Providing some hints to the identity of these ligands, one
csGPCR subclass, encoded by the srw genes, displays sequence similarities to peptide receptors
[11,29]. The expression of csGPCRs in interneurons also prompted efforts to identify the func-
tion of some of these genes. Even though its ligand remains unknown, AIY-expressed sra-11 was
found to be involved in the associative learning paradigm, olfactory imprinting [30], while sra-13
acts in the vulva to control vulval development, which is affected by food signals [26].
In spite of the relative paucity of known ligands, the previously published expression pat-
terns of csGPCRs provided molecular indicators for a number of intriguing and generally very
poorly understood nervous system features: (1) the expression pattern of the GPCR gene str-2
revealed a left/right asymmetry in the two AWC olfactory neurons [31]; this lateralization phe-
nomenon was later found to be required for olfactory discrimination [32] and spurred a host
of studies aimed at revealing how this left/right asymmetry is developmentally programmed
[33]. (2) The expression of several csGPCRs revealed a remarkable plasticity in response to
changes in the environment. For example, expression of srd-1, str-2 and str-3 changes in ASI
neurons in response to dauer pheromones [34], and expression of srh-34 and srh-234 in ADL
is different in fed versus starved animals [35]. Using these dynamic reporter gene patterns,
mechanisms controlling csGPCR plasticity have been elucidated [35,36]. (3) The csGPCR
genes srd-1, srj-54, and odr-10 have been found to be expressed in a sexually dimorphic man-
ner in sex-shared sensory neurons, suggesting that sexual identity impinges on sensory percep-
tion [2,37,38].
In this resource paper, we examined the expression of 244 reporter transgenes that monitor
expression of previously uncharacterized csGPCR genes. Our explicit goal in this analysis was
to (1) generate more neuronal identity markers, (2) test the hypothesis that many more sen-
sory neurons may be lateralized, (3) identify more markers of neuronal plasticity, (4) identify
more markers of sexual dimorphism, and (5) examine the extent of expression in non-sensory
and non-neuronal cells (suggesting roles as receivers of internal signals). Based on the molecu-
lar classification of csGPCRs into defined families, we were also interested in determining
whether the expression of specific subfamilies—particularly those whose expression has not
Table 1. The five classes of GPCRs in animal genomes and their representation in C. elegans. Modi-
fied from [10].
Class 1 Subclass 1 Gene number in C. elegans




Secretin (Class B) 3
Glutamate receptor (Class C) 7
Adhesion 5
Frizzled/Tas2 4
Abbreviations: GPCR, G-protein-coupled receptor
1 Classification after [5].
a Will likely also contain peptide receptors (see text).
b Defined by sequence homology to known neuropeptide receptors [10].
https://doi.org/10.1371/journal.pbio.2004218.t001
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previously been examined—may reveal specific common themes (i.e., patterns of coexpression
or expression in specific cells) that may provide a hint to their function. We synthesize our
findings with those of previous expression pattern analyses to carve out a number of general
features of csGPCR expression patterns.
Materials and methods
Mutant strains
Strains were maintained by standard methods [39]. Mutant alleles used in this study were:
pha-1(e2123) [40], him-5(e1490) [41], unc-43(n1186lf)[42], unc-43(n498gf)[43], and nsy-5
(ky634) [44].
Table 2. Overview of GPCR reporters and expression.
Classification a Gene counts Reporters Overview of expression
Super-family Family Old count a New count b Total # examined reporters c Neurons only Neurons + non-neuron Non-neuron only
Str srh 218 223 43 (14) 24 16 3
str 197 * 196 * 42 (16) 21 16 5
sri 61 60 21 (7) 11 8 2
srd 64 67 13 (6) 10 2 1
srj 39 39 14 (1) 7 6 1
srm 5 6 6 (-) 3 3 -
srn 1 1 1 (-) 1 - -
all Str 585 591 140 (44) 77 51 12
Sra sre 51 53 31 (20) 13 13 5
sra 32 35 22 (11) 15 6 1
srab 22 23 18 (6) 10 7 -
srb 14 16 10 (4) 4 4 2
all Sra 119 127 81 (41) 42 30 8
Srg srx 98 105 20 (6) 12 7 1
srt 61 67 16 (6) 13 2 1
srg 59 61 23 (9) 15 7 1
sru 41 40 12 (5) 6 6 -
srv 30 30 12 (1) 10 2 -
srxa 17 17 8 (4) 6 1 1
all Srg 306 320 91 (31) 62 25 4
Solo srw 99 115 11 (7) 8 1 2
Solo srz 71 68 23 (1) 15 5 3
Solo srbc 73 72 5 (2) 4 1 -
Solo srsx 37 37 14 (4) 11 2 1
Solo srr 10 9 9 (-) 4 5 1
Solo sro 1 1 1 (1) 1 - -
Totals: 1,277 1,341 375 (131) 224 120 31
Abbreviations: GPCR, G-protein-coupled receptor, sr, serpentine receptor. “Sr” is then followed by alphabetic letter codes for each.
Only sensory-type GPCRs are shown, other GPCR systems (hormone, neurotransmitter systems) are not. See text.
Numbers in parenthesis indicate previously described reporters extracted from Wormbase.
a Based on Thomas and Robertson [7,11], with the exception of sro-1 which was published elsewhere [2]. Pseudogenes are excluded.
b New counts extracted from WS246 (some previous pseudogenes have become real genes and vice versa).









Reporter and transgenic strain generation
GFP reporters were generated using a PCR fusion approach [45] and injected without being
subcloned. Genomic fragments were fused to the GFP coding sequence, which was followed
by the unc-54 30 untranslated region. A list of primers for all constructs can be found in the
Supplementary Methods. Amplicons were injected at 50 ng/μl with the pha-1 rescuing plasmid
(pBX) as a co-injection marker (50 ng/μl). Reporters were injected into a pha-1(e2123) or pha-
1(e2123);him-5(e1490)mutant background strain [40], resulting in transgenic arrays with little
mosaicism. For each construct, two independent lines were scored. Reporter strains provided
by the Vancouver Consortium were generated as described [46]. Further details and primer
sequences used by the Vancouver Consortium can be found at http://www.gfpworm.org. A list
of all reporter strains generated by us or provided by the Vancouver Consortium can be found
in the Supplementary Methods.
Microscopy
Worms were anesthetized using 100 mM sodium azide (NaN3) and mounted on 5% agarose
on glass slides. Images were acquired using an automated fluorescence microscope (Zeiss,
AXIO Imager Z.2). Acquisition of several z-stack images (each approximately 1 μm thick) was
performed with the ZEN 2 pro software. Representative images are shown following max-pro-
jection of Z-stacks using the maximum intensity projection type. Image reconstruction was
performed using Fiji software [47].
Neuron identification
Neurons were identified either by labeling subsets of sensory neurons with DiD (Thermo
Fisher Scientific) or by crossing reporter transgenes with landmark reporter strains in which
known neuron classes are labeled with a red fluorescent reporter. For dye filling, worms were
washed with M9, incubated with DiD (1:500) in M9 for 1 hour at room temperature, washed 3
times with M9, and plated on agar plates coated with food for 1–3 hours before imaging. Red
fluorescent reporter strains used for cell identification are: otIs263[ceh-36p::TagRFP, rol-6
(su1006)], vyIs51[str-2p::2xnls::TagRFP; ofm-1p::DsRed] [48], otIs518[eat-4Fosmid::sl2::mCherry::
h2b] [49], otIs544[cho-1Fosmid::sl2::mCherry::h2b] [50], otIs564[unc-47Fosmid::sl2::mCherry::h2b]
[51], otIs612[flp-18p::NLG-1::GFP11, gpa-6p::NLG-1:::GFP1-10, flp-18p::mCherry,nlp-1p::
mCherry], hdIs30[glr-1p::DsRed], otIs521[eat-4prom8::tagRFP; ttx-3::gfp].
Hierarchical clustering of neurons by GPCR reporter expression
Clustering was performed on binary expression data from 272 neuron-expressed GPCR
reporters for which we had cell ID information. Expression data was from our own analysis
and available data from wormbase.org [52]. Only positive neuronal cell ID information per
GPCR reporter was included in the binary expression matrix with no distinction between the
absence of expression and unknown expression per neuron. Data were clustered using the R
pvclust package (https://cran.r-project.org/web/packages/pvclust/pvclust.pdf) [53] using the
euclidean distance metric with average linkage, bootstrap 1000, and relative sample size rang-
ing from a proportion of 0.5 to 1.4 of the original sample size. The relative proportion was
incremented by 0.1 for each bootstrap resampling. Bootstrap probability (BP) value and
approximately unbiased p-values (AUs) are derived from the multiscale-multistep bootstrap
resampling. AU support values>95 indicate well-supported clusters and should be considered
when evaluating dendrogram cluster relationships. Alternative distance and linkage methods
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showed clustering of the PHA, PHB, and ASH neurons in all cases (42 out of 84 cases had
strong support with AU/BP>95).
Upstream intergenic distances and intron length calculations
GPCR upstream intergenic regions and intron lengths were extracted from C. elegans exon
coordinates, version WS220 using a python script. Non-coding RNA exons were excluded
from the intergenic distance calculations so that intergenic distances represent the nucleotide
sequence distance between coding genes. The average intron length per gene was calculated by
summing the intron sequence lengths for each gene and dividing by the total number of
introns. Average intron lengths for genes with multiple isoforms were calculated for each iso-
form and then averaged, resulting in 1 average intron length per gene.
Generation of dauers and analysis of changes in expression
To analyze GPCR reporter gene expression in dauers, mixed populations of respective strains
were allowed to exhaust food for 5–7 days at 20˚C. Dauers were isolated from starved plates by
treatment with 1% SDS for 30 minutes and imaged within 1–2 hours of isolation. The cellular
identity of expression changes in dauers was confirmed with red landmark strains, as men-
tioned above.
Results
Selection of csGPCRs for expression analysis and method of analysis
We chose to examine csGPCR expression patterns using gfp-based reporter gene technology,
the standard tool of gene expression analysis in C. elegans [3,54]. The obvious shortcoming of
this technology is that reporter genes may not capture the full cis-regulatory content of the
respective GPCR-encoding locus, but as we will describe in more detail below, most GPCR-
encoding loci are compact with small intergenic regions and introns. We emphasize that our
approach is not necessarily aimed at identifying the complete set of cells expressing a GPCR,
but, following ample precedent, is rather aimed at identifying novel and informative patterns
of expression, as incomplete as these patterns may be.
We utilized two sources of csGPCR reporters. A consortium at the University of British
Columbia (Vancouver) has generated a valuable, large panel of reporters for 1886 genes in the
C. elegans genome [46]. However, the site of expression of these reporters has not been deter-
mined with single cell resolution in the nervous system. We obtained 100 reporters from this
collection that targeted GPCR loci, and for every reporter that produced a stable pattern of
expression we undertook a detailed analysis of their sites of expression in the nervous system.
In addition to these 100 reporter genes, we generated 144 of our own reporter genes. We
adhered to the following principles in the choice of genes and design of reporters: first, we
aimed to cover all 23 classes of chemoreceptor genes defined by Thomas and Robertson [7]
(Table 2). Using phylogenetic trees assembled by Thomas and Robertson, we sampled each
gene family evenly, generally avoiding the examination of close sequence paralogues, which we
anticipated to reveal similar expression patterns.
Our own reporters mostly contain all 5’ intergenic regions fused to gfp and contain, at most,
4 kb of sequence. The rationale behind this choice lies in the overall organization of GPCR loci
(summarized in S1 Fig). Eighty-nine percent of the approximately 1,300 csGPCR loci contain
5’ intergenic regions of less than 4 kb. We chose all of our samples from this pool, and, hence,
all the reporters generated by us capture the full intergenic region. The reporters from the Van-
couver consortium contain about 3 kb of 5’ intergenic region, at most [46]. Furthermore,
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csGPCR loci tend to have small introns (average size 432 base pairs; almost half of them<200
base pairs; S1 Fig), indicating that relatively little cis-regulatory information resides in these
introns, which provided the basis for our focus on intergenic regions. For some genes with
very short upstream intergenic regions (less than 500 bp) we included the first intron (if this
was 300 base pairs or larger) in order to increase the regulatory space contained in the report-
ers. The coordinates for all reporter constructs can be found in the Supplementary Material.
Sites of expression within the nervous system were determined mainly for those reporters
with the most robust expression patterns and was based on stereotyped cell position, cellular
and process morphology, and co-labeling with either DiD (which labels a subset of sensory
neurons) or by crossing with landmark strains in which specific neuron classes are labeled
with a red fluorescent protein (see Material and methods). All cell identification was initially
done in young adult hermaphrodite animals. As we will describe in detail later, a number of
these reporter strains were also subjected to analysis at different stages, under different condi-
tions, and in the two different sexes.
GPCRs are expressed in restricted patterns within and outside the
nervous system
In our ensuing description of expression patterns of reporter genes, we summarize the expres-
sion observed with the previously described reporters, as well as the additional reporters ana-
lyzed by us. All of our expression analysis is summarized in a tabular form in S1 Table. Three
overall features of the 375 csGPCR reporters are immediately apparent (Fig 1): first, 92% of
analyzed reporters are expressed in the nervous system; second, expression is not restricted to
the nervous system: 33% of the reporters are expressed both within and outside the nervous
system and 8% are expressed exclusively in non-neuronal cells; and third, the vast majority of
csGPCR reporters are expressed in very restricted numbers of cells (Fig 1A and 1B). Of the
neuronally-expressed reporters, 24% are expressed in single neuron pairs, 27% in 2 neuron
pairs, 26% in 3–4 neuron pairs, 19% in 5–10 neuron pairs, and the remaining 4% in more than
10 neuron pairs.
Expression outside the nervous system will be described in a later section. Within the ner-
vous system, expression is most prominent in sensory neurons (Fig 1C). 84% of the reporters
are expressed in amphid sensory neurons (which are made up of 12 pairs of neurons), 20% in
phasmid sensory neurons (made up of 2 pairs of neurons, PHA and PHB), and 17% in other
sensory neurons. We find that every sensory neuron, except for URY and ADE neurons,
expresses at least 1 GPCR (Fig 1D; S2 Table). The number of GPCRs expressed in a given neu-
ron class shows a striking range. The ASI neuron class expresses an impressive 99 GPCR
reporters. After ASI, the nociceptive neurons ADL and ASH together with the phasmid neu-
rons PHA and PHB are the sensory neuron classes with higher numbers of GPCRs, expressing
72, 51, 51, and 49 reporters, respectively. Outside the amphid and phasmid neurons, the num-
ber of reporters expressed in sensory neurons dramatically drops, with all other sensory neu-
rons expressing less than 10 GPCRs, in some cases only a single GPCR (Fig 1; S2 Table). Of
course, it needs to be kept in mind that we only consider expression of a fraction of the
csGPCR loci, and hence each of these total numbers is expected to increase by several fold
once all csGPCR expression patterns are identified.
Twenty-four percent of the GPCR reporters for which we have information about neuron
numbers are exclusively expressed in a single neuron class, and in all these cases the neuron
class is a sensory neuron class (Fig 2; S3 Table). In total, however, only 9 sensory neuron classes
express single-neuron-specific GPCRs. The most striking one of them is the ADL nociceptive
neuron class, which expresses 23 single-neuron–specific GPCR reporters (and an additional
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Fig 1. Summary of csGPCR reporter expression patterns. (A) Overall tissue distribution of reporter expression patterns in hermaphrodites.
Pie chart showing percentage of GPCR reporters expressed exclusively in neurons, in neurons and other cells types, and exclusively in non-
neuronal tissues. Numbers in parentheses represent the absolute number of reporters in each category. (B) Extent of reporter expression
within the nervous system. Pie chart showing percentage of neuronal reporters expressed in 1 neuron pair, 2 pairs, 3–4 pairs, 5–10 pairs, or
more than 10 pairs. Numbers in parentheses represent the absolute number of reporters in each category. (C) Distribution of reporter gene
expression within the nervous system. Pie charts showing percentage of GPCR reporters expressed in amphid neurons, phasmid neurons,
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49 GPCR reporters expressed in additional neurons). The ADL-expressed, single-neuron–spe-
cific GPCRs do not fall into a specific GPCR subfamily but rather cover 7 distinct families. A
small subset of the single neuron type-specific GPCRs are expressed outside the nervous sys-
tem as well (genes with asterisk in Fig 2A). This may indicate that these receptors do not detect
external cues, but rather sense internal signals.
Notably, expression of the csGPCR reporter collection is clearly not restricted to sensory
neurons. A striking 35% of the csGPCR reporters are expressed in inter- and motorneurons
(Figs 1 and 3; Table 3; S1 Table). There is no unifying feature of the inter- or motorneurons
that express GPCR reporters. They range from ventral cord motor neurons to head interneu-
rons, and to command interneurons in the ventral cord. One interneuron, PVT, displays a
very large number of expressed csGPCR reporters (57 different reporters); however, PVT
expression is generally observed in an unusually large amount of reporter genes and may, like
posterior gut expression, be a reporter gene artifact that relies on cryptic regulatory elements
in the reporter gene construct.
Ninety-seven percent of inter- and/or motorneuron-expressed csGPCR reporters are also
expressed in sensory neurons so only 3% of them show expression exclusively in inter- or
motorneurons. In light of the inter-/motorneuron expression of csGPCR reporters, we can
hypothesize that csGPCR reporters that are expressed in sensory neurons may actually not
function as receptors for external sensory cues, but may rather function as they likely do in
inter-/motorneurons, i.e., as receptors of internal signals.
We asked whether csGPCR expression profiles cluster by neuron class. To this end, we
undertook unsupervised hierarchical clustering of expression profiles. The BP value for most
associations was very weak with two exceptions: csGPCR reporters are often coexpressed in
the two tail phasmid neuron classes PHA and PHB (AU/BP> 95), and expression in either or
both of the phasmid neurons is associated with the expression in the head neuron ASH (AU/
BP> 95) (Fig 4). The ASH, PHA and PHB neuron classes are not closely related by lineage but
all of these three neuron classes are nociceptive neurons that respond to similar cues and inte-
grate sensory inputs from the head and tail [55,56] and that directly innervate command inter-
neurons involved in reversal behavior [9]. While csGPCRs expressed in these neurons are
likely involved in sensing nociceptive cues, it is notable that these coexpressed csGPCRs came
from widely distinct csGPCR families (Fig 4).
Left/right asymmetric expression of csGPCR reporters
One major motivation for undertaking the csGPCR reporter analysis was to identify more lat-
eralized neuron pairs in the nervous system. In vertebrates, there is a striking dearth of molec-
ular correlates for widespread functional lateralization of the brain. In C. elegans, the chance
discovery of left/right asymmetric sensory receptor expression has opened up new vistas on
lateralization of the C. elegans nervous system [58]. Specifically, the lateralized expression of
several csGPCRs in the AWC olfactory neuron pair [31] and guanylyl cyclase receptors in the
gustatory ASE neuron pair [59] revealed a common theme of lateralization, providing means
of sensory discrimination [32,60,61]. Since lateralization provides an elegant, straight-forward
means for sensory discrimination, we speculated that such lateralization may be widespread in
other sensory neurons, and inter- or motorneurons. Small pie charts on the upper right represent the percentage of reporters exclusively
expressed in amphids, phasmids, other sensory neurons, and inter- or motorneurons. Numbers in parentheses show the absolute number of
reporters in each category. (D) Distribution within all sensory neurons of the hermaphrodite. Worm schematics showing the absolute number of
GPCR reporters found to be expressed in each sensory neuron class. PHC is a phasmid neuron by name only. See S2 Table for a list of GPCR
gene names expressed in the sensory neurons shown here. GPCR, G-protein-coupled receptor.
https://doi.org/10.1371/journal.pbio.2004218.g001
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Fig 2. csGPCR reporters expressed in single sensory neuron classes. (A) Table showing all GPCR reporters expressed in a single
neuron class. Genes in bold are newly identified in this paper. Genes not in bold were previously described (data extracted from www.
wormbase.org). *Reporter is also expressed in some non-neuronal tissue (for details, see S1 Table). 1 N. Masoudi, S. Finkelstein, and
O. Hobert, in preparation. (B) Representative examples of reporters expressed in a single neuron class identified in this study. Young
adult hermaphrodites are shown. Scale bars, 10 μm. GPCR, G-protein-coupled receptor.
https://doi.org/10.1371/journal.pbio.2004218.g002
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the nervous system and therefore took particular care in examining whether csGPCR reporters
that we analyzed are expressed in a left/right asymmetric manner.
We indeed identified 8 csGPCR reporters with left/right asymmetric gene expression in an
otherwise bilaterally symmetric neuron pair. However, this laterality was only observed in the
context of the AWC sensory neuron pair, which was previously known to express several
csGPCRs in a left/right asymmetric manner [31,62]. Using previously described sets of
mutants, we found that the asymmetry of these GPCR reporters is controlled by the same cal-
cium-dependent signaling pathway [33] that controls all other previously known asymmetric
GPCRs in the AWC neurons (Fig 5). Of course, our limited analysis does not exclude the
Fig 3. csGPCR reporters expressed in non-amphid/non-phasmid sensory neurons, interneurons, and motorneurons. Examples of
GPCR reporters expressed in sensory neurons that are not amphids or phasmids (white font), interneurons (orange font), or motorneurons (blue
font). Most examples represented here are from neuron classes that were not previously shown to express any sensory GPCR. Amphid neurons
are shown in parentheses. Young adult hermaphrodites are shown. All scale bars, 10 μm, except srsx-30, which is 30 μm. See Table 3 for a
complete summary of GPCR reporters expressed in inter- and motorneurons. GPCR, G-protein-coupled receptor.
https://doi.org/10.1371/journal.pbio.2004218.g003
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Table 3. Non-sensory neurons expressing csGPCR reporter.
CLASS REPORTER GENES
INTERNEURONS Head ADA srab-12, sri-1
AIA sra-11, srab-4, (srh-269)
AIB srh-11
AIM srg-32, srg-58, srxa-14
AIN srg-14, srh-277











Midbody BDU srab-8, srab-12, sre-4, sri-1, sri-18, srv-27
CAN srb-16, srd-32, srv-1
SDQ srab-12




PVQ sra-6, sre-4, srg-32, srh-277, sri-1, (sru-17), srv-32, str-84
PVR sre-4
PVT sra-11, sra-28, srab-4, srb-7, srb-16, srbc-52, srd-32, sre-11, sre-22, sre-30, sre-52, srg-4, srg-14, srg-31, srg-39, srh-4,
srh-5, srh-11, srh-62, srh-71, srh-210, srh-241, srh-266, sri-12, sri-36, sri-39, sri-62, srj-5, srj-20, srj-27, srj-38, srr-2, srr-
7, srr-8, srsx-12, srsx-38, sru-8, sru-48, srx-10, srx-17, srxa-7, srz-13, srz-27, srz-54, srz-102, srz-104, str-31, str-52, str-
123, str-143, str-178, str-217, str-233, str-236, str-247, str-249, str-250
MOTORNEURONS Head AVL srd-32








Midbody HSN sra-35, srab-8, srj-13
Ventral nerve
cord
DA sra-36 [DA8, DA9], srb-16 [DA9], srd-4 [DA9]
DB srx-3
DD srsx-30





Abbreviations: GPCR, G-protein-coupled receptor; HSN, hermaphrodite-specific neuron.
Bolded gene: Newly identified in this paper. Cell identifications were confirmed with neuron-specific landmark reporters (see Material and methods). Non-
bolded gene: previously identified. (Gene in parentheses): ID based on position and morphology, not confirmed with neuron-specific landmark reporter.
https://doi.org/10.1371/journal.pbio.2004218.t003
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Fig 4. The only coexpression association of csGPCR reporters is in nociceptive neurons. (A,B) Graphical representation
of ASH, PHA, and PHB coexpression. Green-filled square indicates expression. An asterisk denotes that the gene is exclusively
expressed in the indicated neurons. Venn diagram was created with eulerAPE [57]. (C) Hierarchical clustering of neurons by
GPCR reporter expression. Red lines show the well-supported ASH, PHA and PHB cluster (AU > 95%). BP values (in green) are
listed in percentages.(D) Examples of reporter gene expression profiles in ASH/PHA/PHB. Young adult hermaphrodites are









Fig 5. Lateralized csGPCR reporter expression in the AWC neuron pair. (A) Asymmetrically expressed GPCRs, indicated with
arrowheads (top row), were all expressed in AWC as assessed by colocalization with the ceh-36p::RFP reporter (middle row). str-
130, srd-5, srx-1, srsx-5, and srsx-37 reporters were expressed in AWCOFF while srt-7 was expressed in AWCON as assessed with
the str-2p::NLS::RFP reporter, which is an AWCON marker (bottom row). All pictures are dorso-ventral views unless otherwise
indicated. srt-13 and srr-9 reporters were also found to be asymmetrically expressed in AWC; however, since these reporters were
dim and not very robust, no further analysis was done. Young adult hermaphrodites are shown. Scale bars, 10 μm. (B) AWC
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existence of left/right asymmetrically expressed GPCR genes in other neuron classes, but it
may not be as widespread as we initially hypothesized.
Sexually dimorphic expression of csGPCR reporters
Apart from brain lateralization, another domain of nervous system research displays a striking
dearth of molecular markers. While the existence of sex-specific neurons is widely appreciated
in the nervous system of most animals, including C. elegans [64], it is much less clear to what
extent neurons that are shared by the two sexes of a given species display molecular differ-
ences. Recent anatomical work in C. elegans revealed intriguing synaptic wiring differences
between sex-shared neurons in the two sexes [65], but even in C. elegans there is a dearth of
sexually dimorphic molecular markers of sex-shared neurons. Given the distinct priorities that
males and hermaphrodites display toward food and mate searching [66], and given that a
number of sex-shared sensory neurons are known to respond to different cues in a sex-
specific manner [49,67], we hypothesized that we may discover a multitude of sex-specifically
expressed GPCRs. We indeed identified several GPCRs that are expressed in hermaphrodite-
specific neurons (HSNs, VC motor neurons) or in several male-specific neurons (Fig 6); how-
ever, we did not detect differences in GPCR expression in sex-shared neurons. We emphasize
here, however, that we did not systematically analyze all 244 reporters that we analyzed in the
hermaphrodite for differences in expression in the male, but rather focused on those GPCRs
that show expression in 1–3 pairs of neurons in the hermaphrodites.
csGPCR reporter expression outside the nervous system
Moving outside the nervous system, we found expression of individual GPCRs in essentially
all tissue types (Fig 7 shows examples; summarized in Table 4). As we already mentioned
above, the non-neuronal expression is often quite specific and there are only a few GPCRs that
are expressed broadly in many different cell types (e.g., srbc-58, srr-4). Specific sites of non-
neuronal expression include subsets of muscle cells, hypodermal cells, specialized epithelial
cells, cells of the somatic gonad (distal tip cells), individual cells of the excretory system, glial
cells, and others (Fig 7, Table 4). There are no obvious, specific associations of non-neuronal
expression with expression in a specific set of neuron types. Also, non-neuronally expressed
GPCR receptors are not biased toward a single subfamily. GPCRs expressed in non-neuronal
tissues that are exposed to the environment, e.g., epidermis, could be involved in sensing exter-
nal cues, but other non-neuronal cells will rather respond to internal signals. As a cautionary
note, we can not presently exclude that non-neuronal expression may be the result of lack of
repressor elements in the reporter constructs, but we note that in C. elegans there is presently
little evidence for non-neuronal repressor mechanisms restricting gene expression to the ner-
vous system (e.g., [68]).
asymmetry. Previously known components of genetic pathways that control AWC asymmetries [33]. Not all genes known to be
involved are shown. Black and grey gene names indicate whether a gene is more active or more expressed (black) in one neuron
compared with the other neuron. Scheme adapted from [63]. (C) Expression of the newly found AWC asymmetric GPCRs is
regulated by previously described mechanisms. Representative pictures showing srx-1 reporter expression (AWCOFF) in different
mutants of the previously described AWC asymmetry pathway. As expected, in unc-43(n1186lf) mutants, srx-1 reporter is
expressed in none of the AWC neurons (2 AWCON phenotype) while in unc-43(n498gf) and nsy-5(ky634) mutants srx-1 is expressed
in both AWC neurons (2 AWCOFF phenotype). Scale bars, 10 μm. (D) Expression quantification of AWC asymmetric GPCR
reporters in unc-43(n1186lf), unc-43(n498gf), and nsy-5(ky634) mutants. Animals were scored as young adults and show the









Reporter gene analysis of entire csGPCR gene families
Do any of the patterns described above cluster with sequence similarity (i.e., family member-
ship) of the receptors? As described above, specific features of csGPCR expression patterns do
not correlate with family membership, but we wanted to pursue this issue further via a more
comprehensive analysis of entire chemoreceptor gene families. As defined by sequence analysis
Fig 6. Expression of sex-specifically expressed csGPCR reporters. Examples of GPCR reporters expressed in hermaphrodite-specific (VCs, HSN)
or male-specific neurons (CEMs, CP5, CP6, Rays). Young adult animals are shown. All scale bars,10 μm, except srb-16, which is 30 μm. GPCR, G-
protein-coupled receptor; HSN, hermaphrodite-specific neuron.
https://doi.org/10.1371/journal.pbio.2004218.g006
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[7], chemoreceptor gene families have very different sizes, ranging from a single gene per fam-
ily (srn family) to 223 genes per family (srh family) (Table 2). We analyzed reporter gene
expression patterns of all members of two small families to examine whether there are com-
mon themes in their expression patterns, their genomic location, and cis-regulatory control
regions. We also analyzed the expression of the one family, the srn family, which only has a sin-
gle member and is highly conserved in other Caenorhabditis species, to assess whether it may
show an unusual expression pattern. However, we find the srn-1 reporter gene to be mainly
expressed in amphid sensory neurons, like many other csGPCRs (Fig 8).
The two small families for which we generated and analyzed reporter genes for all family
members are the previously uncharacterized srm (six members) and srr (nine members). Five
Fig 7. Expression of non-neuronal csGPCR reporters. Examples of GPCR reporters expressed in different types of non-neuronal tissue in young
adult hermaphrodites. Scale bars, 10 μm. See Table 4 for a complete summary of GPCR reporters expressed in non-neuronal tissues. Amso,









out of the six srm family genes are syntenic to other family members (Fig 8). As these direct
genomic adjacencies suggest local gene duplication, we could ask the question whether such
local duplications also resulted in duplication of the 5’ cis-regulatory control regions and to
what extent such duplicated cis-regulatory control regions retained similar expression profiles.
We find that the adjacent srm-1 and srm-2 genes are expressed in a small set of mostly sensory
neurons; some of these neurons are the same, others are different. The same theme applies to
the adjacent srm-4, srm-5, and srm-6 genes. Their 5’ upstream regions direct expression to dis-
tinct, but partially overlapping sets of neurons.
The srr gene family is composed of nine members. Reporter genes for all members dis-
played expression in diverse sets of neuron types with no common theme emerging. Outside
the nervous system, it is notable that half of the family members are expressed in distinct cell
types of the pharynx (Fig 8), suggesting a role for these genes in sensing food.
Temporally regulated csGPCR reporter genes
We also sought to examine dynamic aspects of csGPCR expression. We focused on dynamics
that relate to developmental timing and the response to harsh environmental conditions. To
Table 4. Non-neuronal sites of csGPCR reporter expression.
TISSUE / CELL REPORTER GENES
Coelomocytes srh-193, srh-269, srj-4, str-250
Excretory system1 srab-14, srm-3, srr-4, srr-6, srr-8, srv-1, str-143, str-148
Glia srab-8, srh-270, srr-1, srsx-30, sru-2, sru-19, srw-29, srw-145, str-47
Gonad srbc-58, srd-32, sre-24, srh-87
Gut2 srb-17, srh-211, srm-3
Head mesodermal
cell
srb-16, srd-32, srh-132, srh-210, srh-269, srr-3, srx-1
Hypodermis sra-13, sra-39, srab-6, srab-13, srab-21, srbc-58, srd-39, sre-7, sre-21, sre-22, sre-
29, sre-53, srh-76, srr-4, sru-31, srw-108, srw-118, srz-13, srz-94, srz-99, str-31,
str-168, str-250
Muscle sra-2, sra-13, srab-7, srb-17, srbc-58, srd-15, srd-32, sre-22, sre-29, srg-7, srg-29,
srg-31, srh-11, srh-100, sri-19, srr-3, srt-20, sru-1, srx-1, srx-41, srxa-2, srz-94,
str-102, str-111, str-114
Pharynx sra-4, sra-10, sra-38, srb-6, srb-16, srbc-58, srd-15, srd-32, srg-29, srg-31, srg-39,
srg-62, srh-7, srh-62, srh-71, srh-92, srh-100, srh-142, srh-201, srh-210, srh-269,
sri-5, sri-36, srj-4, srj-5, srj-13, srj-38, srm-1, srm-3, srr-1, srr-2, srr-3, srr-4, srr-
6, srt-65, sru-1, sru-31, srv-17, srx-10, srz-54, str-52, str-85, str-108, str-121, str-
123, str-143, str-236, str-247, str-250
Rectal epithelium srbc-58, srx-4, str-31, str-233, str-250
Seam cells sra-13, srb-17, srbc-58, srd-39, srh-130, srh-266, srj-20, srz-14, str-31, str-148
Vulva sra-13, srab-7, srab-13, srb-16, srb-17, srbc-58, sre-56, srh-11, srh-130, srh-210,
srh-270, sri-5, sri-19, srj-13, srr-4, srsx-12, srx-1, srx-4, srz-102, str-31, str-52,
str-114, str-247, str-262
Abbreviations: GPCR, G-protein-coupled receptor.
Bolded gene: newly identified in this paper. Non-bolded gene: previously identified and retrieved from
Wormbase.
See S1 Table for further details about specific sites of expression.
1 The two str genes are in the excretory pore and duct cells, all others are in the excretory canal cell.
2 Transcriptional gfp reporters often show posterior gut expression, which is considered an artifact. Only
reporters showing bright expression throughout the gut are listed here. Previously described reporters with
annotated gut expression in Wormbase are not included here.
https://doi.org/10.1371/journal.pbio.2004218.t004
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facilitate the identification of changes in expression, we focused our analysis on GPCRs that
are robustly expressed in the adult in a small number of neurons (in most cases not more than
1–3 neuron pairs in the head and/or 1–2 neuron pairs in the tail). At the first larval (L1) stage,
we did not detect any differences in expression in 79 out of 82 examined reporters, compared
to adults. Due to the limitations of multicopy array-based fluorescent reporters, moderate
intensity changes within a cell type might be difficult to notice and could have been missed.
Three reporter genes, srh-11, sru-48, and sra-28, show striking differences in L1 versus adult
stages: all three reporter genes show expression in the ASK neuron at the L1 stage, but not at
the adult stage (Fig 9). Additionally, srh-11 is expressed brightly in the ASI neuron at the L1
stage but dimly at the adult stage (Fig 9). Furthermore, dim expression of srh-11 and sra-28
Fig 8. Reporter analysis of entire csGPCR families. Genomic loci, reporter scheme, and gfp expression images for the srm (A), srr (B), and srn
(C) GPCR gene families. Only reporters expressed in the pharynx are shown for the srr family. Young adult hermaphrodites are shown. Scale bars,
10 μm. GPCR, G-protein-coupled receptor.
https://doi.org/10.1371/journal.pbio.2004218.g008
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Fig 9. Temporal regulation of csGPCR reporters. GFP images showing temporal expression changes (L1 versus young adult) of srh-
11, sru-48 and sra-28 reporter genes. Neurons showing temporal changes in expression are outlined with red dotted lines. Scale bars,
10 μm. GFP, green fluorescent protein; GPCR, G-protein-coupled receptor; L1, first larval.
https://doi.org/10.1371/journal.pbio.2004218.g009
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reporter genes in the tail phasmid PHB and PHA neurons, respectively, is only observed at the
L1 stage but not at the adult stage (Fig 9).
csGPCR reporter gene expression changes in dauers
We found that a substantial number of csGPCR reporter genes were dynamically expressed
when animals enter the dauer stage, an environmentally controlled diapause arrest stage that is
accompanied by substantial cell, tissue, and behavioral remodeling [69,70]. Initially again
focusing on reporters that are expressed in a restricted number of neurons under well-fed con-
ditions, we found that 16 out of 46 examined reporters show a diverse set of changes in animals
that were sent into the dauer stage via a standard starvation/crowding protocol (see Experi-
mental Procedures). Many of the changes entail striking changes in the cellular specificity of
GPCR reporter expression (Fig 10, Table 5). The vast majority of differences are observed in
the nervous system, but some changes also occur outside the nervous system. Changes in
GPCR reporter expression in the dauer stage have previously been described for two GPCR
reporters [34] (summarized with our novel patterns in Table 5), but the patterns we observe
here are much broader and more complex. They can be summarized as follows:
1. In most cases, there is stable and unchanged expression in several neuron classes in dauer and
non-dauers, but upon dauer entry, expression is either turned on in additional neuron classes
(“type I” regulation) or becomes undetectable in subsets of specific neuron classes (“type II”
regulation) (Table 5; Fig 10). There are also combinations of both changes (type III regula-
tion): in one particularly striking example, the srh-71 reporter is expressed in some sensory
neurons in both dauer and non-dauers, but undergoes a striking respecification in dauers.
Reporter expression becomes undetectable in the lateral IL2, PHA, and an additional pair of
tail neurons in dauer, and instead is turned on in the AIZ and ASG neurons (and increases
expression levels in ASI). This hints toward the rerouting of internal sensory information.
2. In a number of cases, reporter expression is strongly down-regulated, becoming undetect-
able in all neurons in which the reporter is expressed (Table 5; Fig 10).
3. The changes outside the nervous system concern three tissue types: muscle, the excretory
cell, and epithelial cells (Fig 10). In two cases, expression of a specific csGPCR reporter is
turned on in the dauer stage, while in another case expression becomes undetectable. These
findings indicate that these tissue types now became receptive to signals in a dauer-specific
manner, an unanticipated finding.
4. The most recurrent set of changes in the expression of distinct reporters concern nocicep-
tive neurons, namely the ASH, ADL, and phasmid tail neurons. Of particular note is the
PHA phasmid neuron, which shows the most consistent pattern of changes: four csGPCRs
are turned off or strongly down-regulated specifically in the dauer stage.
5. The most unusual novel expression pattern observed in dauer stage animals concerns the
PVP tail interneuron pair. We found that in dauers, expression of the sri-9 reporter is turned
on in a left/right asymmetric manner, only in the PVPL neuron. The cellular identity of sri-9
expression (as well as other expression changes) was corroborated by examining overlap of
GPCR gfp-based reporters with rfp-based landmark strain (see Materials and methods).
Some csGPCRs serve as molecular markers of life history
Do reporter expression changes observed in dauers recover upon re-feeding to the pattern
observed in control-fed animals? Examining csGPCR reporter expression in well-fed adult
Chemoreceptor atlas





Fig 10. Examples of environment-induced changes in csGPCR expression. Examples of GPCR
reporters that change expression in dauer stage animals. Designations of neuron classes that change
expression are highlighted in red. Asterisk indicates posterior gut autofluorescence. Insets for srh-71, sre-43,
and srm-4 show enlarged and overexposed images of cells that are too dim to be discernable in main panels.
See Table 5 for a complete summary of GPCR expression changes in dauer. Scale bars, 10 μm. GPCR, G-
protein-coupled receptor; L3, third larval stage; L4, fourth larval stage.
https://doi.org/10.1371/journal.pbio.2004218.g010
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Table 5. Changes in csGPCR reporter expression in starvation-induced dauers, within and outside the nervous system. Reporter gene expression
patterns were analyzed in starvation-induced dauers. Previously reported GPCR reporter changes are listed in the two bottom rows of the Table [34]. For the





Reporter expression Postdauer recovery
Constitutive
expression in all
stage (in dauer and






in fed animals only, i.e.,
down-regulated
specifically in dauers in
respective cell





















srh-15 ASH, PHA ASK recovers to fed
condition
none none
str-114 ASH, ASI, PHA, head
muscle
ASK, ASG recovers to fed
condition
none none






str-84 ASH, ASI, PHA, PHB,
PVQ
Body wall muscle recovers to fed
condition
none none






sre-43 ADL, PHB (dim in
dauers)
AWB, ASJ (variable), PHA AWB, PHA turn
on again
ASJ become stable ASH (dim)










srx-12 ADF, amphid sheath glia recovers to fed
condition
none none
sra-7 ASK down (but not off) in








srm-4 ASH, PHB, ADL (dim) ADL(bright), ALA BAG recovers to fed
condition
none none

























srsx-29 ADF ASH PHA recovers to fed
condition
none none
sru-12 ASI, ASH, ASJ, OLL,
PHB
PVQ IL2, PHA IL2, PHA turn
on again
PVQ remains on PLN
Peckol
et al. 2001
srd-1 ASI recovers to fed
condition
none none
str-2 ASI (dim) ASI (brighter) AWC recovers to fed
condition
none none
Abbreviations: G-protein-coupled receptor; L3, third larval stage.
https://doi.org/10.1371/journal.pbio.2004218.t005
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animals that had passed through the dauer arrest stage during larval development, we found
that the expression of 11 of the 18 reporters, which showed dauer-specific gene expression
changes, recovers to that of the fed state, i.e., in these 11 cases, expression in the adult is inde-
pendent on whether the animals had passed through the dauer stage or not.
For 7 csGPCR reporters we discovered intriguing, cell-type–specific alterations in animals
that have passed through the dauer stage (Fig 11, Table 5). We observed three types of changes:
1. For 4 reporters (sri-9, sra-25, srh-71, and sru-12), we observed that expression, which was
induced in specific neuron classes exclusively in dauers, was retained this in post-dauer
animals: dauer-induced expression of the sri-9 reporter in PVPL, of the sra-25 reporter in
ADL, of the sru-12 reporter in PVQ as well as of the srh-71 reporter in AIZ and two ventral
ganglion head motor neuron pairs is retained in post-dauer adults. In contrast, dauer-
induced loss of srh-71 expression in the lateral IL2 pair does not recover.
2. In 4 cases (sre-43, srh-71, sru-12, sra-25 reporters), we observed induction of expression
in additional cell types exclusively in post-dauer animals. sru-12 reporter expression is spe-
cifically induced in the PLN neurons of post-dauer animals, sre-43 expression in dimly
observed in the ASH neurons of post-dauer animals, sra-25 expression is dimly observed in
the ASJ neurons in post-dauer animals, and srh-71 reporter expression was induced in a
non-neuronal pair, pharyngeal gland cells, in post-dauers.
3. We found two instances in which a sporadic and weak expression observed in animals that
have not passed through the dauer stage will become highly penetrant and stable if they
have passed through the dauer state (sra-25 in BAG neurons, sre-43 in ASJ, srh-71 in ASI).
Note that all of the reporters for which we observe changes in post-dauer recovery do
recover their “fed patterns” in other neuron classes (these could be considered as internal
controls that argue against the changes in expression being a reporter gene artefact). Taken
together, adult animals show neuron-class specific differences in the expression of csGPCR
reporters depending on whether they have passed through periods of distress. csGPCR report-
ers therefore serve as reporters of life history traits.
L1 starvation recapitulates some but not all csGPCR reporter changes
We tested 5 of the 16 csGPCR reporters that displayed changes in the dauer stage for
whether their expression also changes in another starvation-induced arrest stage, the
starvation-induced L1 arrest stage. Comparing expression in 2 day-starved L1 (egg prep
into M9 medium) to fed L1, we find that two reporters (str-114 and sra-25) show the same
changes as observed in dauer animals (Fig 12). In contrast, two reporters (str-84 and srg-32)
that change their expression in dauers, do not show changes in starved L1 versus fed L1 (Fig
12). One reporter, srh-15, in addition to dauer-specific expression in ASK, is also expressed
in ASI in starved L1. Hence, the response of csGPCR expression to arrest conditions is
diverse.
Discussion
Together with previously published analyses, there are now reporter transgenes that monitor
the expression of 373 of the approximately 1,300 chemosensory GPCR genes encoded in the
C. elegans genome. One intrinsic limitation of reporter genes is that they do not necessarily
capture the full complement of cis-regulatory control elements of a gene. However, given the
compact nature of csGPCR loci, the inclusion of all 5’ regions in most reporters and the small
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Fig 11. csGPCR expression patterns as life history traits. Comparison of GPCR expression in 1-day-old
adult hermaphrodite animals that either did pass through the dauer state (right panels) or did not (age-
matched fed controls; left panels). Post-dauer animals were in the dauer stage for 5–7 days. Designations of
neuron classes that retain dauer-specific expression or acquire post-dauer–specific expression are
highlighted in red. Inset for sre-43 shows enlarged and overexposed images of cells that are too dim to be
clearly discernable in the main panel. See Table 5 for a complete summary of GPCR expression changes in
post-dauer. Scale bars, 10 μm. GPCR, G-protein-coupled receptor.
https://doi.org/10.1371/journal.pbio.2004218.g011
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size of introns, the number of inaccuracies may be quite limited. Irrespective of whether the
reporters are a reflection of the complete expression of a csGPCR, they nevertheless function
as highly valuable molecular markers of cellular identity and plasticity. Meaning, reporter gene
analysis decodes cis-regulatory information and provides read-outs of regulatory states of spe-
cific cell types. The key conclusions of the expression patterns inferred from the reporter genes
are as follows:
Fig 12. csGPCR reporter expression in starved L1 animals. Examples of GPCR reporter expression in starved L1
worms. Eggs isolated by bleach treatment were allowed to hatch and were kept in M9 for 48 hours. Designations of
neuron classes that change expression compared to fed L1 worms are highlighted in red. Scale bars, 10 μm. GPCR,
G-protein-coupled receptor; L1, first larval stage.
https://doi.org/10.1371/journal.pbio.2004218.g012
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Most csGPCRs show a very restricted expression in few cell types. Many are expressed in single
neuron classes. Those csGPCRs that express in multiple neuron classes do not display a coher-
ent set of coexpressing neurons, with one notable exception: the nociceptive ASH, PHA, and
PHB neurons express similar (but not identical) sets of csGPCRs.
csGPCR coexpression within a neuron class
Some neurons coexpress a remarkably large number of GPCRs. The ASI neuron displays the
most csGPCR genes at 99, followed by many distinct types of nociceptive neurons. While
csGPCRs have been found for all but two sensory neurons (URY and ADE), there is a striking
disparity in the number of csGPCRs coexpressed in sensory neuron classes. Amphid sensory
neurons clearly coexpress the largest number of csGPCRs, while other sensory neurons express
many fewer csGPCRs. The nociceptive ADL stands out in the list of amphid neurons, as it is
the neuron expressing the most single-neuron–specific csGPCR reporters.
Expression in sensory and non-sensory neuron classes
While expression of csGPCRs clearly predominates in sensory neurons, they are also expressed
in inter- and motorneurons and in a diverse set of non-neuronal cells. In most cases, each
GPCR is restrictively expressed, suggesting that many different cell types in an organism show
very distinct and cell-type–specific responses, possibly to internal signals. The similarity of one
GPCR family, the srw family, to peptide receptors of other animal species provides hints to the
nature of these ligands [11,29]. The expression of many members of the srr family in pharyn-
geal tissues suggests another source of ligands; perhaps these receptors respond to cues from
ingested bacteria. In vertebrates, chemosensory GPCRs are now also becoming increasingly
appreciated as being expressed in non-neuronal cells [6].
Polymodality of sensory neurons
csGPCRs were detected in sensory neurons that are known to express distinct types of sensory
receptors and engage in non-chemosensory behavior, e.g., in gas-sensing neurons or different
types of mechanosensory neurons. The expression of csGPCRs in these neuron classes may
hint toward these neurons perceiving different sensory inputs, i.e., they are likely polymodal.
However, as discussed above, csGPCRs expressed in these neurons may not be involved in
detecting external sensory cues, but measuring internal states.
Absence of gene family themes
The absence of any overarching expression theme within gene families is striking. We did not
observe that the expression of family members clusters in specific neuron classes or share any
other specific expression features. Specifically: (a) left/right asymmetrically-expressed
csGPCRs in the AWC neurons do not fall into the same family; (b) csGPCR reporters that are
differentially regulated in larval stages or in the dauer stage do not come from a single family;
(c) csGPCRs that share specific expression pattern themes (e.g., coexpression in the nocicep-
tive ASH, PHA, and PHB neurons) do not derive from specific families; (d) non-sensory neu-
ron-expressed or non-neuronal expressed csGPCRs do not fall into a specific family. The only
glimpse of perhaps some common function is observed in the small srr family (nine genes),
half of which appear to be expressed in non-neuronal pharyngeal tissue. An important note of
caution is that these conclusions are based only on reporter genes. However, the substantial
sample size on which these conclusions are based lends some credence to these conclusions.
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csGPCRs generally act as homo- or heterodimers [71], thereby hugely increasing the amount
of distinct sensory receptor complexes expressed in a cell. This combinatorial activity also
makes prediction of function of a given csGPCR very difficult in that a csGPCR may have one
function expressed in one cell (in combination with another csGPCR), while it may have a
very different function in another cell (in combination with yet another csGPCR).
Left/right asymmetric csGPCR expression patterns
While we recovered novel csGPCR genes expressed in a left/right asymmetric manner in the
AWC neuron pair, we were surprised to find no other obvious left/right asymmetries in other
sensory neuron pairs. Of course, such asymmetries may still be found with currently not ana-
lyzed csGPCR genes, but the number of AWC asymmetries recovered suggests that AWC neu-
rons may be exceptional in their extent of lateralization.
The only other asymmetry that we found revealed itself not in a sensory, but an interneu-
ron, and only in a non-anticipated context. The sri-9 reporter transgene becomes induced in
dauer animals in PVPL, but not PVPR, and PVPL expression is retained in postdauer animals.
Molecular asymmetries in PVP neurons have not previously been reported but can perhaps be
inferred by the fact that PVPL and PVPR are innervated in a left/right asymmetric manner by
unilateral neurons. Specifically, PVPL, but not PVPR, is innervated by the unilateral DVB neu-
ron. Perhaps sri-9may play a role in this synaptic signaling context, but why this should be
dauer-specific is unclear.
Plasticity of csGPCR expression
One notable feature of our analysis was the extent of plasticity that csGPCR reporters show in
the context of the dauer stage. Dauer animals are thought to remodel most tissue types and sig-
nificantly alter behavioral patterns. Changes in csGPCR expression, and hence changes in the
external and internal signal perception, fit very well into the mold of organismal plasticity and
illustrate the plasticity of many different tissue types (note, for example, the changes in
csGPCR expression in muscle). We find it particularly intriguing that several csGPCRs repre-
sent markers of life history. Some of the changes in csGPCR reporter gene expression in dauers
is retained in post-dauer animals and some csGPCR reporters turn on only in postdauer ani-
mals. Animal-wide expression transcriptomic analysis has previously identified large cohorts
of transcripts that, like our csGPCR reporters, serve as markers of dauer life history, i.e., tran-
scripts change in dauers and some of these transcript changes persist in post-dauer animals
[72]. However, due to the whole animal nature of this analysis, this previous study lacked cellu-
lar resolution. Our findings add a novel spatial component to these previous findings, since we
find the life history traits to be strikingly neuron class-specific. The expression of the TRP
channel gene osm-9 has also previously been shown to be modulated during dauer and post-
dauer stages in a neuron class-specific manner; in this case, osm-9 expression is down-regu-
lated in the ADL (but not AWA) chemosensory neurons and the repression is retained post-
dauer, using RNAi and chromatin-based mechanisms [73]. In all except one case that we
report here, we observe the opposite post-dauer effect; reporters that are turned on in dauers
persist in non-dauers. The mechanistic basis of this may hence be distinct from the osm-9 case.
It is important to remember here that the life history trait observations are based on tran-
scriptional reporter genes which, on the one hand, may not accurately reflect expression of the
endogenous locus, but, on the other hand, clearly provide a definitive molecular “read out” of
changes in the “regulatory state” of specific neuron types, depending on whether they have
passed through the dauer stage or not. Moreover, our transcriptional reporters also argue that
Chemoreceptor atlas





the life history regulatory phenomenon must be transcriptional in nature. These csGPCR
reporters will therefore provide excellent starting points to analyze the molecular mechanisms
controlling this plasticity.
Future uses of the csGPCR expression map
The csGPCR reporter atlas can be put to a number of future uses. The sites of expression of
specific csGPCRs point to potential functions of the csGCPRs, guiding the future analysis of
csGPCR knockout strains. For example, csGPCRs expressed in the polymodal nociceptive
ASH, ADL and phasmid neurons may be mediating the response to a number of distinct sen-
sory cues processed by these neurons [56,74].
csGPCR expression patterns point to perhaps unexpected cellular sites of internal signal
perception that warrant further investigation. For example, the excretory canal cell expresses
at least six csGPCRs reporters (considering that we only examined reporters for approximately
20% of GPCR loci, this number may increase several fold). The relevance of this expression
could be tested through the excretory cell-specific expression of dominant negative versions of
G-protein downstream signaling components. Similarly, the cellular dynamics in csGPCR
expression patterns point to specific cells undergoing changes that warrant future characteriza-
tion. For example, the induction or suppression of csGPCR reporter expression during the
dauer stage in specific sensory and interneurons that were not previously associated with
dauer-specific functions may warrant a closer examination of other molecular and functional
changes of these neurons during the dauer stage.
Because csGPCR reporter fusions also link precisely delineated sequences (used for reporter
construction) to specific cellular sites of gene expression, patterns of coexpression of GPCRs
can be used to extract cis-regulatory information, which in turn may point to trans-acting fac-
tors involved in controlling GPCR gene expression. A proof of principle for this type of analy-
sis has already been conducted, pointing to a critical function of, for example, a basic helix-
loop-helix (bHLH) factor in controlling csGPCR expression in the ADL nociceptive neuron
[28], and with now substantially more expression information available can be further
extended to additional cell types.
Lastly, green fluorescent protein (GFP) reporter transgenes have generally served as invalu-
able starting points for genetic mutant screens in which the genetic control of specific biological
processes can be investigated. The csGPCR reporter collection provides a multitude of entry
points. For example, the post-dauer expression of multiple reporter genes can be used to screen
for mutants in which these life history traits fail to be properly expressed. GFP reporter genes
have also served as invaluable cellular identity markers and here again the csGPCR reporter col-
lection can be used to assess how the identity of specific cell types is genetically controlled.
Supporting information
S1 Fig. csGPCR gene locus analysis. (A) Histogram of upstream intergenic region distances
of all C. elegans csGPCR genes.
The average size of the 5’ intergenic region (= distance to next gene) is 1.8 kb.
Eighty-nine percent of all loci have a 5’ intergenic region smaller than 4 kb.
(B) Histogram of average combined intron length (bp) per GPCR gene.
(C) The intergenic region of the majority of GPCR is substantially larger









S1 Table. Masterlist of all examined GPCR reporters. GPCR, G-protein-coupled receptor
protein.
(XLSX)
S2 Table. List of all identified sensory neurons with GPCR expression. Gene in bold: newly
identified in this paper
Gene in non-bold: previously identified
(Gene in parenthesis): ID based on position and morphology, not confirmed with neuron-spe-
cific reporter.
GPCR, G-protein-coupled receptor protein.
(XLSX)
S3 Table. Primers. Primer sequences for the reporters generated by the Vancouver consor-
tium (BC strains) can be found at http://www.gfpworm.org.
(XLSX)
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